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FOREWORD

This report was prepared for the Air Force Flight Dynamics

. Laboratory through joint effort of The Boeing Company, Wichita Division,
Wichita, Kansas, and Honeywell, Inc., Aerospace Division, Minneapolis,

Minnesota, in fulfillment of Contract AF33(615)-3753.

The work was administered and the program was conducted : ]

under the direction of Mr. R. F. Johannes (FIXCS) during the period June f %
1966 through December 1968. : :

The program reported herein was made possible only through the
dedicated and enthusiastic support of all those who participated which are
too numerous to mention. The activity was directed by Mr. P. M. Burris,
Boeing Engineering Manager, and Mr. M. A. Bender, Homeyw:1l Project
Manager. Mr. R. L. McDougal, Lockheed-Georgia Company, lfarietta, )
Georgia, contributed significantly to the C-5A analyses. L
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The report is identified :nternally at The Boeiag Comparny,
Wichita Division, as D3-7901-1.

This technical report has been reviewed and is zpproved.

Hows AlGo
MORRIS A. OSTG
Act'g Chief, Systems Integration and
Flight Experimentation Branch
Flight Control Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

““>The Load Alleviatior and Mode Stabilization (LAMS) program was con-

ducted to demonstrate the capabilities of an advanced fiight control system
(FCS) to alleviate gust loads and control structural modes on a large flexi-
ble aircrait using existing aerodynamic control surfaces as force producers.

The analysis, design, and flight demonstration of the flight control system
was directed toward three discrete flight conditions contzained in a hypo-
thetical mission profile of the B-52E test aircraft. The FCS was designed
to alleviate structural loads while flying through atmospheric turbulence.

The LAMS-FCS was produced as hardware and installed on the test vehicle,
B-52E AF56-632. Test vehicle modifications included the addition of hy-
draulically powered controls, a fly-by-wire (FBW) pilot station, associated
electronics and analog computers at the test engineer's stations, instru-
mentation for system evaluation, and the- LAMS flight contro:ler.

Flight demonstration of the LAMS-FCS was conducted to provide a com-
parison of analytical and experimental data. The results obtained showed
that the LAMS-FCS provided significant, reduction in fatigue damage rates.

>In addition, a LAMS C-5A study was included in the program. This portion
of the prograra was to analytically demonstrate that the technology devel-
oped for the B-52 could be applied to ancther aircraft. The C-5A study was
conducted for one flight condition in the C-5A mission profile.: /Signiiicant
reductions in fatigue damage rates and fuselage accelerations were-predicted
by the LAMS C-5A analyses.

. This Abstract is free:for unlimited aistribution
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Actuator
Aft fuselage
Auxiliary Actuator

Normalized oy

b= o o | ¥
Effective column damping
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Digital volt meter
Matrix element
Fly-by-wire

Feedback

Flight condition

Flight control system
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Effective feel spring
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SYMBOLS

M

MAC or ©
M,
My(yl)

N

N(fai > fmean)

PR

Py, P2, b1, b2

Q

N

Bending moment
Mean aerodynamic chord
Actuator load mass

Number of times y(t) crosses
upward through the level 41

Structural acceleration

Number o{hcyéles to failure
at the i— stress level

Zero crossing of y

2 13
N = 1 03-[
°y 2n G. 2 ]

Stiffness matrix
Damping matrix
Mass matrix.
Roll rate

Pilot rating

Empirical constants used to
describe (o)

Pitch rate

Yaw rate

Root mean square

Moment arm to pilot's force
Wagner damping matrix

Wagner stiffness matrix
Stability augmentation system
Torsional moment

Roll time constant

in-1bs
) igs

lbs

cps

rad/sec

rad/sec

rad/sec
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sec
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Equilibrium velocity along
the X stability axis

Total velocity along Y stability
axis

Shear

True airspeed
Calibrated airspeed
Equivalent airspeed

Total velocity along Z_stability
axis

Wing buttock line
Wwing station
Column weight

Longitudinal <zceleration at
left wing

Location of airplane
cg aft of MAC

leading edge
Side translation ( + right )

Side velocity ( + right )

Note: A dotted variable designates
the first time derivative of
the variable

Side acceleration.( + right )

Note: A double dotted variable
designates the second time
derivative of the variable

Lateral acceleration at tail

Lateral acceleration at fin elastic
axis

Vertical translation ( + down )

Vertical acceleration at
center of gravity

avi

ft/sec
ft/sec

1bs
£t/sec
knots
knots

ft/sec

1b

4, MAC

ft/sec
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SYMBOLS H
S I
ZASLS Vertical acceleration at left R
stabilizer 2 3
ZASLW Vertical acceleration at left "3
i wing :
- ZASN Vertical acceleration at nose & é
i b Wing span § 3
! & by Reference semi-chord length £t § ]
; cg Center of gravity 2 §
g ab Decibel §
£ Bending ‘stress psi : ?
fq Alternating stress psi §
ﬁ ::
5 3
fmean Steady, level flight stress psi § :
Z
4\ (¢ Probability density distribution 3 é
w i :
of RMS vertical turbulence 1 1
component § ;
E] 3
; h Altitude £t i
f m Mach mumber §
E n (fai) Number of cycles of applied
stress at the ith stress level 2 :
p Vertical gust velocity rad/sec i
g (asymmetrical) i
; Psg Steady state roll rate rad/sec :
Py Upstream actuator pressure psi :
Downstream actustor pressure psi 5
qQ Dynamic pressure 1bs/ft° _%
Q3 Displacement of ith elastic % 1
freedom 3
r Distance to column cg ft . E
s Laplace operator 3 j
] E St Stabilizer positicn units TG
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Time
Volts
Side gust velocity

Vertical gust velocity
(symmetrical)

Angle of attack ( + nose up )

Airplane body angle of attack
{ + rose up )

Angle of attack gust input
Argle of sideslip { + nose left)
Buik modulus for hydraulic fluid
Sideslip gust input

Airplane climb angle

Column displacement

Rudder pedal displacement in-

Fly-by-wire spoiler deflection
( + up on right wing )

LAMS spoiler deflection ( + up )
Wheel displacement

Aileron deflection ( + Trailing
edge down on right wing )
{asymretrical)

Elevator deflection ( + Trailing
edge down )

Rudder deflection ( + Trailing
edge left )

Tab deflection
Equivalent Thrust ceater line

Demping ratio, fraction of
critical damping

xviii

£t/sec

ft/sec

rad

rad

rad

rad

rad
rad

deg

deg

rad
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3 ;%
1 - '-’-_:,.i
g Car, Air load damping ratio 4
) ' E:
! Csp Short period damping ratio . t3
3 CST Structural damping ratio ,
3 : Cd Duteh roll damping ratio s
| 8 Pitch attitude rad 5
j ee Angle of cg in equilibrium rad : g
position ! 2
8 Roll angle { + right wing down ) rad

ey Pitch angle { + nose up ) rad g
: Gz Heading engle ( + nose right )- rad 2 ;
3 £ 3 H
%5 Root mean square of asymmetrical rad § %
g vertical gust input g 2

¥ 3
5 Sy Root mean square of lateral gust £ /sec % %
, g inpuf; : 3
oy Root mean square of vertical gust t/sec §: §
g input ; 3
2 : 3
oy Variance of y(t) 3 :
2 £ 3
g, 3 Y 3 3
» ¥ Variance of §(t) . g
E 3
» "a Root mean sguare of incremental rad 7 3
angle of attack é 5
g
OB Root mean square of sideslip rad j%_ ¥
g gust input ;% 5
§ 3
Oﬁ Root mean square of airplane sideslip rad § é
; ° output % 3
°§ Root mean square of airplane roll rad g !
° angle 2 ;
| :
- r Reaction time deiay sec % i
3 3
® Roll angle { + right wing down ) rad % 3
5
L] Airplane heading { + nose right ) rad § i
Fix ":;‘i %
. % g
7
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Frequency (redians/sec)

Dutch roll undamped frequency rad/sec
Undamped natural frequency rad/sec
Undamped natural frequency of rad/sec

mumerator oscillatory mode in
® /6 , transfer function

-Oscillatory roll component
Parameter

Change in horizontal stabilizer units
position ( + leading edge up )

Changé in angle of attack rad

Power spectral density of y(t)

Kussner's 1ift growth function

. -
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1.0 INTRODUCTION
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Tnis report presents the results of the analyses and design of a -
Baseline Stability Augmentation System for rigid body mode control and the
Load Alleviation Mode Stabilization Flight Control System (LAMS-FCS) for
rigid body and structursl mode control on B-52E aircraft AFS6-632. The
Baseline SAS analysis, synthesis, and design were accomplished by The .
Boeing Company. The design criteria for the LAMS Flight Control System i3
were established by Boeing; Honeywell acccmplished system analysis, : .
synthesis, and design. Boeing assisted in these analyses and accomplished
additional checks on system stability and performance.

1.1 Purpose : o
The purpose of the LAMS B-52 analyses and design program was to 7 ‘

provide a system which would provide structural mode stabilization and gust
load alleviation at three discrete points in a typical B-52 mission profile.

g e oa
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The conditions selectied for evaluation were:

e Flight Condition 1 (FC-1) which represents a 350,000 pound aircraft at
350 KIAS and 4OOO feet altitude.

e Flight Condition 2 (FC-2) which represents a 350,0C0 pound aireraft at
240 KIAS and U000 feet altitude.

e Flight Condition 3 (FC-3) which represents a 270,000 pound aircraft at
.T7 Mech (cruise) and 32,700 feet altitude.

The aircraft configuration used for this program, Figure 2 ,
was a basic B-52E with ECP-1128 structural modification to the aft fuselage
and vertical tail. Also, the external tanks were remcved to attain higher
speed than required for Flight Condition 1. .The basic B-522 control systems
were modified to include hydraulically actuated control surfaces.

FRLTY AT YN

Initially, all spoiler segments were to accep!, the mammal, fly- :
by-wire, and SAS signals. Because of difficulty with hardware design of 3
the spoiler servo valves, the spoiler functions were altered. The final .
flight configuration consisted of marmal and fly-by-wire operation through
spoiler segments 3 through 12 and exclusive LAMS SAS operation through
spoiler segments 1, 2, 13, and 1% biased at 15 degrees. Each of the
remaining surface actuators (aile-on, rudder, and elevator) is commanded
by the monitor pilct (RH pilot) tnrough the original control cable systems.
With the electronics engaged, these surfaces respcid with full authority
to the electrical fly-by-wire (LH pilot) signals and with partial authority
to the stability augmentation signals.

1 gl AL D Bed oy e 46 AR A e

The Baseline SAS is a three axis (pitch, yaw, and roll) rigid body

augmentation system designed to provide the benefits derived from a system §
representative of contemporary design and provide a basis for comparison 3
with the LAMS-FCS performance data. The LAMS-FCS is a three axis system i
but addresses itself to stabilizing the significant load producing elastic 3
i
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modes of vibration in addition to the rigid body modes. The SAS and
associated electronics utilize two TR-U8 analog camputers installed at
the navigator-bambadier station. These computers provide the flexibility
raquired for system mechanization and expedite system changes identified
during ground and flight testing.

1.2 Objectives
The objectives of the LAMS B-52 analysis program were:
¢ To validate techniques representative of contemporary practices for
system analyses and design in the related technologies of Automatic
Flight Controls, Aircraft Structures, and Aerodynamics.

o Analytically demonstrate gust load alleviation and structural mode
stabilization using the conventional aerodynamic control surfaces.

@ Analytically demonstrate the impact of airframe dynamic response

control on significant wvehicle attritutes such as structural life,
handling qualities, and ride ¢uality.

1.3 Criteria

The LAMS B-52 analyses and design was based on the following
criteria:

e The aircraft and control system will have an adequate flutter margin.
The control system will possess a 10 db minimum gain margin and a 60
degree minimum phase margin as determined by open loop frequency respon °
-analyses.

e To provide adequate handling qualities witn the LAMS-FCS engaged in
turbulence, the short period d:mping ratic shall be equal to or greater
than .k0; for Dutch roll handling gualities, the product of the Dutch
roll natural fregquency times the Dutch roll damping ratio shall be
equal to or greater than a value of .35 rud/sec. However, the Dutch
roll characteristics for low speed conditions (FC-2) shkall be acceptable
with a value of the aforementioned product us low as .21 rad/sec. The
roll time coastant with the LAMS-FCS engaged shall be less than 2
seconds; if the roll time constant for the basic aircraft is greater
than 2 seconds, the addition of LAMS-FCS shall not increase the constant.
The spiral mode shall be positively damped, if -possible. If the air-
craft shows spiral divergent characteristics, the rate of divergence
with controls fixed shall not result in doubling the bank angle in
less than 20 seconds.

® Performance evaluation of the LAMS-FCS influence on such aircraft
characteristics as pesk loads, fatigue damage, and ride qualities
wiil be based on camparisons of performance between the aircraft with
the SAS engaged and disengaged. FPatigue damage rates and acceleration
will be calculated at #2ix locations using the equations of Section 3.0.
These measurements will be calculated for atmospheric turbulence effects
only. The effects of landing, takeoff, taxiing and maneuvering will

SRR 5 SR

’i‘WﬂW“ U R

LA A ANt TGRSV ABALGA IO AL AN Y MO

b bt S o

’ EAAA TN s oA B 1 0




=T THTE ATl S 2 R = raema - —

not be included except to the extent maneuvers are included in the
atmospheric model. Fatigue damage evaluation will be accomplished
by counting stress response level crossings normalized to a 1 f‘t/sec
RMS random gust turbulence samplz. Based on an arbitrary aircraft
usage schedule, the fatigue -damage rates will be combined in the
following manner to determine a yearly damage accummlation:

25 hrs/year at FC-1
39 krs/year at FC-2
511 hrs/year at FC-3
575 hrs/year total usage
The ride quality or acceleration performance will be bsased on the

percent reduction of BMS aircraft accelerations along the fuselsge
due to a 1 ft/sec RMS randam gust turbulence sample.

1.4 Report Contents

(LYWW PWTY ae

This report presents the comprehensive analyses, synthesis, and
design of & Baseline SAS, and LAMS-FCS on B-52E test vehicle AF56-632.

e T et B A A ks 3a LA 0L A b A g b i th b s @ b %D wehe

Section 2.0 is a summary of the document contents.

Section 3.0 covers the control system definition for the Baseline
. SAS and LAMS-FCS. The analyses and-analytical techniques leading to the
3 final system configuration are discussed.

Section 4.0 presents the predicted performance characteristics :
of the Baseline SAS and the LAMS-FCS. Comparative data consisting of
peak loads, response to step inputs, fatigue damage, ride qualities,
and handling qualities are presented for the basic aircraft, Baseline
SAS, and the LAMS-FCS design conditions. System stability evaluations
are presented based on flutter and open loop frequency response analyses.

. T T TR T ST N T T O AT P IR I Z T IN

Section 5.0 discusses the system hardware design for the control
surface hydraulic actuators, hydraulic power systems, interface electronics,
.k fly-by-wire, instrumentation measurement requirements, and LAMS-FCS computer
E ; and ground test equipment.

YT IV RTI by

Section 6.0 presents the general and specific conclusions reached
during this program.

Section 7.0 contains all pertinent references containesd herein.
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2.0 SUMMARY
2.1 Introduction

The IAMS B-52 analyses, synthesis, and design has attained the pro-
gram puxrpose and objectives by implementing a design to integrate advanced
flight control hardvare concepts and the existing flight control surfaces of
B-52E AF56~-632 into a versatile flight control system (FCS) test vehicle.
The sircraft geowmetry used is shown on Figure 2. The design provides high
bandpass hydranlic actuation syestems sri avgmented hydraulic power supplies
for the existing primary flight control surlaces. An electronic flight con-
trol equipment link from the controlling inputs (pilot commands and aircraft
dynamics) to the actuators is also a part of the design.

The analysis resulted in two stability angmentation systems for the
threec flight conditions outlined in the Introduction. The Baseline SAS vas
designed to show the aircraft benefits derived from a system remresentative
of contemporary design for comparison with the IAMS-FCS performance. The
LAMS-FCS extended the state-of-the-art design and mechanization techniques
to roduce a SAS vhich would provide gust load alleviation and structural
wode stabilization vhil: flying through atmospheric turbulence.

2.2 Analysis Techniques

The Baseline SAS design emphasis was directed toward development of
a control system representative of contemporary stability augmentation sys-
tems. Criteria limited the Baseline SAS performence to stability augmenta-
tion of the aircraft rigid body mcdes without significantly altering or
controlling the aircraft structural modes.

The IAMS Flight Control Systex design emphasis was directed toward
develomment of a structural load alleviation system for flight through tur-
bulence. The design criteria also required sufficient stability margins at

all frequencies.

Design charters for both systems required retention or improvement
of the basic aircraft handling qualities.

Analysis techniques for designing the twc systems varied due to
differences in design criteria and the fact that dilferent companies
designed the syctems. Boeing-./ichita designed the Baseline SAS and Honey-
well Inc. had mrimary design responsibilities for the IAMS-FCS. Perfarmance
evaluation and analses were comprehensive, in terms of mathematical model
sizes and contents; and were rearly identical for the two systems.

2.2.1 Analyses Mathematical Model

Soeing developed a 65 degree-cf-freedom mathematical model of the
unique LAMS B-52 test vehicle for design synthesis, and evaluation of the
IAMS flight control systems. The model included 33 symmetric (longitudinal)
degrees-of-freedom, 32 antisymmetric (lateral-directionsl) degrees-of-
freedom, Wagner and Xussper lift growth functions, gust penetration lags,
and forod: order ~ctuator and control surface dynaxics. The symmetric and
antisymmetric degrees-of-freedom were considered to be independent and were

analyzed separately. .
4
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The complete mathematical model was used for structural performance
evaluations and flutter boundary analyses. However, time and computer limi-
tations dictated use of simplified mathematical models of various degrees
for the majority of the IAMS progrsm analyses.

2.2,2 Baseline SAS Analyses

Design synthesis for the Baseline SAS primarily utilized gain and
phase root loci techniques and supporting design analyses used frequency
response techniques. Handling qualities were intially evaluated from tran-
sient responses obtained from inverse Iapiace calculations. All of the
techniques described above were accomplished with digital computer programs.
Finel safety, structural performance, and handling qualities evaluatioms
vere siﬁ.l;rhto'those cmducted for the IAMS-FCS and are reviewed in
Section 2.2.k.

2.2.3 LAME-FCS Analyses

The IAMS-FCS design and synthesis were conducted by Honeywell Inc.
under subcontract to-The Boeing Company. Boeinz furnished the aircraft
mathematical model to Hoveywell jin the form of digital computer cards and
rrovided ergineering suppart tirmughout the IAMS-FCS design and synthesis
segments of the IAMS rogram. Boeing-Wichita conducted the safety analyses
and handiing qualities evaluations of the IA'3-FCS while Honeywell conducted
the performance sensitivity analsnes. An an' _yses flow diagrsm is presented

in Fim 30
2.20301 Initial lb!i@ Am].yses

Initigl design analyses objectives were twofold. The primary ob-
Jective wvas to obtain an understanding of the relatiomship of rigid body and
structural aodes to fatigue dammage and fuselage acceleratioms. Secondly, it
vas desired to verify the computation progrzss used for the IAMS-FCS design
and synthesis by compering Boeing and Homeywell basic aircraft data. These
basic aircraft studies consisted of three segments; comtrols locked fatigue
wm,mﬂicmmd-pmgshﬂies,mdanmcmphdmde

investigation.

Three gust alleviation concepts were synthesized in the preliminary
design analyses: stabilizution of the rigid body motions; minimizetion of
ving loads; and minimization of wing stresses and stress rates. These
alleviation concepts vere evaluated by inspection and by analog simulation.
IX became apparent from thacc and other IAMS stulies that gust alleviation
and mode stabilization problems should be solved simultaneously.

2.2.3.2 Design Synthesis

Optimal >ontrol theory was applied in an attempt to design an opti-
mal gust loed aileviation and structural mode stabilization system. The
Iriwary design goal wvas to reduce fatigne dswage rates and a secondary zoal

wvas to movide immovement in ride qualities.

Two measures of structural integrity used during this program vere;
an estimate of the likelihood of a structural wember exceeding its static

W ————
e ————————— e
e —————

T Yo P “‘—?r«;u;,m‘fi -

MNP T g

PEERR LIS TR A ey

L)

Ay 1o 8 s

-




bl DUy o tae dhe i ey ol L DI T L L A A B

S ORI !
r . A R T A ST G ST S R TP
f % n,w.w.ﬂ.: ,, :’ki‘x SRR S W RN T TR E TSAANT 6 JUE AT v i Seh ol Al et “

0

€ TNOILd

WVIOVIQ MOTA SISATYNY SOd ~ SWYT j

; TONVINHOJIY I |
| NOISIU | SELLITVAD NOILINIZEQ
AYVMATIVH DNITANVH | §0d-SNV'

(XLITIGV.LS)
(YALLATL)
SISXTVNV XLAIVS

¢  JSNOdJSUY
AONIANOIYL

= WRE rum = A
PO

w ¥ALAIWOD |
i % . ,
j N% f. TIGOW (1-0dl)
/ HIVIN < NOILIGNOD _“
MMMW“ ara1anoo| o LHOT |
i |
i
i !
5 j
i
LR A
oo vy e : .




P ——

[P————"

8 v M B D a4 6 VI a6 b e

. MM«#MEWMMM‘MMMMWW‘MMWWM;

ultimate strength and an estimate of its fatigue lifetime. .

For the IAMS-FCS optimal program it wa: assumed that the event with
the shorter expected time would define a structursl performance measure for
a single airframe member. The structural integrity messure for the entire
aircraft wvas the minimm of all airframe members and the structural perfor-
mance goal of the IAMS-FCS then was to increase that measure.

The maximum structwral integrity measure was formulated as a mini-
mum cost function and a controller minimizing the quadratic cost function
was found by conventional lLagrange multiplier techniques. The perfoimance
index essentialiy minimized selected aircraft RMS stresses, st:-ess rates;
and accelerations at the pilot's station.

Optimal control programs designed a theoretical IAME Flight Control
Systems for each axis. The systems inherently contained an excessive number
of feeibacks {81 for the symmetric axis and 90 for the antisymmetric axis)
for practical implementation. However, the optimal control systems struc-
tural performance measures were used as & baseline for determining the
merit of simplified or more practical systems. Also, the magnitude of the
optimal control lms gains generally indicated the relative importance of the
feedback loops in terms of structural performance benefits.

Optimal control law simplification techniques were accomplished
mrimarily by anaiog compaitsr simulation. Supportiang digital computer anal-
yses evaluated the simplified systems stability and performance during the
analog computer iterative processes.

The IAMS Iongitudinal FCS was designed from optimal control tech-
nigues. Repeated difficulty encountered during attempts to simplify the
lateral-directional optimal control law influenced a decision to design the
IAMS lateral-Directional FCS from “scratch” using analog computer techniques.

Design synthesis efforts defined system feedbacks assuming pure
aircraft parametric signels vere available. In reality, aircraft parameters
norsally camnot be sensed individually, that is, sensor signals are ususily
a function of several parameters. For the JAMS design synthesis, zensed
signals at variois aircraft locations were defined by modal coefficients.
Matrix inversion techniques then defined sensor signal blending gains re-

quired to obtain the desired feedback parameters for the LAMS-FCS.

2.2.4 Final Systems Evaluation

The IAMS-}CS final design was evaluated at Boeing-Wichita with com-
Trehensive safety, handling qualities, and structural performance analyses.
The Baseline SAS design was evaluated in a similar manner and the general
techniques applicable to Luth systems are discussed in this section. Honey-
well also conducted a performance sensitivity analysis of the final IAMS-FCE

design.
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2.2.k.). Safety Analyvses

The safety analysis was conducted to assure that the systems had
adeguste stability wargins. A flutter analysis segment evaluated struc-

tural stability as a function of airspeed. A stability analyses defined
prhase and gain margins as functions of feedback loop gains.

Flutter analyses were conducted to provide flutter clearance for
the IAMS-FCS for flight conditions 1 and 3. The Baseline JAS and basic
airecraft configurations were analyzed for flutter to provide flight clear-
ance over the entire B-52 test vehicle £light envelope. Flutter boundaries
were established for individuai aircraft configurations by analyzing select-
ed ailrcraft grose weight, airspeed, awd altitude conditions.
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The stability anslyses provided closed loop gain and phase root
loci plots and cpen loop frequency response data to determine the stability
margins for selected aircraft flight conditions. Since the IAMS-FCS is a
maltiple feedback loop system, the individual feedback loops were opened
and their gains varied with all other loops closed and at nominal gain (tech-
nique for frequency response analysis). Digital computer capebilities -
dictated the root loci technique math model .size to be smaller than the com-
parable math model size for frequency response methods. Subsequently, a-

» decision was made tc utilize only frequency response tect. iques for the
3 final stability analyses.

et At et i SR 2

2.2.k.2 Handling Qualities Evaluation

Cntlate duste an 0k L amerde 2t

A quasi-elastic six degree-of-freedom mathematical model was used :

to simulate the basic aircraft and evaluate the effects of the Baseline SAS :
-A IAMS-FCS on basic aircraft handling qualities. The basic aircraft ana- 3
Lo, compuber simulation was accurately checked by comparing pre-IAMS flight 1
test data to analog computer response data. Baseline EAS dy.-mic character- :
istics were checked by comparing quasi-elastic model root l¢ ‘i data with the
structural model root loci data. Accurate simulation of the IAMS-FCS was :

assurcd by comparison of response data with similar Honeywell analog simu-
lation data.

S LR B Ve A R R

The anslog computer simulation of the aircraft and conmtrol system
was used in conjunction with tahe point light source simulator facility to
permit pilot evaluation of the aircraft handling qualities. Dutch roll and
short pericd frequency and damping values were determined and qualitative
data were obtained from test pilots in the form of Cooper ratings.

ST T T PR SRR I FIFLUERER Z8)

2.2.h.3 Structural Performance Evaluations

Selected aircraft parameters were used to evaluate the Baseline SAS
and IAMS-FCS effects on structural performance during flight through turbu-
‘ lence. Fatigue dsmage rates, expected peak stresses, RMS stresses, and RMS
» accelerations were calculated at six significant stress points on the test
E vehicle. Acceleration power spectra were computed for the crew compartment.
: The six selected stress locations were choser to be remresentative of sensi-
tive areas of ths wing, body, and empemnage during flight through turbulence.
The atmospheric turbulence model used for the structural performance s{udies
assumed Gaussian random, stationary, isotropic turbulence represented by the
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Power gpectral dsmeity function for vertical anu latersl components. An
antisymmetrical component of vertical turbulence was represented by a roll-
ing gust acting on the wing as in RACA Report 1321, Reference 1. Rice's
stress exceedance functior was ucsed in calculating the number of stress
cycles of various amplitudes in responée to the turbulence and Minor's
hypothesis was utilized for calculations of fatigue damage.

2.2.h.4 PFerformance Sensitivity Analyses

Honeywell conducted a IAMS-FCS performance sensitivity analysis con-
sisting of three segments; performence definition or initial handliug
qualities studies, sensitivity aralysis, and failure analysis. The per-
formance definition study provided an initial evaluation of the IAMS-FCS
handling qualities. Aircraft transient responses to discrete gust inputs
and pilot commands vere compared with free aircraft data. Actuator hyster-
esis effects on various aircrat't paraxveters were evaluated for random tur-
bulence disturbances.

The sensitivity analysis evaluated the effects of aircraft and
IAMS-FCS hardvare parametric variastions for random turbulence of 4 f£t/sec
RMS velocity.

Failure analyses consisted of two segments; hardware open failures
and hardware hardover failures. The open failure analysis utilized a 4
£t/sec KNS random turbulence and the hardover failure analysis obviously
needed no external excitation.

2.3 System Description
2.3.1  Beseline GAS

The Baseline SAS is a three axis flight contrcl system. The system
- design accommodates operation of each axis independently or any combination
of the three axes.

2.3.1.1 Iongitudinal Axis

The .primary function of the Baseline pitch SAS is to augment short
period mode damping. The closed looh syster provides = pitch rate feedback
signal to drive a hydraulically powered elevator. The pitch rate signal is
derived from a rate gyro located at Body Station 820 (near the aircraft cg,
see Figure 2j. Electronic filters in the feedback signal path shape the
feedback signal to ensure stability and obtain desired handling qualities.
Figure 3 shows a block diagrsm of the Baseline Pitch SAS.

2.3.1.2 lateral-Directional Axis

The Baseline Roll SAS improves roll responsiveness of the aircraft
to the pilot's wheel command without decreasing steady-state roll rate cap-
ability of the aircraft by more than 10 percent. A feedback loop decreases
the roll time constant by sensing roll rate with a rate gyro located at
Body Station 820 (approximately at the cg, see Figure 2) which is fed to the
aileron actuator. Feedback loop electromic filters ensure system stability

and desirable handling qualities.
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The Baseline Yuaw SAS augrents Dutch rrlli damping with a yaw raoe

fasdhaok, utiliminz o rote gyro located ab Boy Siatica &35 {faward of the

cg, see Figure 2). The feedback signal is suaped for stability assurance
and to obtain desirable handling cualities and then fed to the rudder
actuator.

Coupling between the yaw and roll systems was not of major concern
during the Baseline SAS design, but the SAS does reduce coupling effects.

A block disgram of the Baseline yaw-roll SAS design is presented
in Figwre 5.

2.302 IA‘S-FCS

The IAMS-FCS is a three aircraft axis flight comtrol system, but
wvas designed ae a longtiduinal axis systes and a lateral-directionsl axis
system.

2.3.2.1 IAMS Longitudinal FCS

Figure 6 shows a block diagram of the IAMS Longitudinal FCS. Feed-
back signals are derived from four rate gyros; one located in the forward
fuselage, one in the aft fuselage, and ove in each wing. These gyro signals
are blended to produce three parametric signals, rigid body pitch rate,
mode one rate, and mode six-rate. Pseudo integration of the structural mode
rate signsls gives aprroximate mode displacesient signels. The signals are
then gain adjusted as a function of the flight condition and then shaped
with electronic filters. The filters are mrimarily for stability compensa-
tion and mrevention of dc nmull offsets. The system operates the elevators,
aileruons, ard tv0 outboard spoiler panels on each wing symmetrically. The
spoiler panels operate from a 15 degree biased positioii.

Desirable handling qualities are obtsined by sdding a columm-to-
elevator feed forvard signal .path parallel to the axisting path. System

gains are a function of flight condition and are scheduled as tsbulated in
the table included in Figure 6.

2.3.2.2 1AMS latersl-Directional FCS

Mgure 7 shows a block diagram of the IAMS ILateral=Directional
FCS. Six fuselage wounted rate gyros are utilized to derive the raw teed-
back signals. The signals directly provide rigid body yaw rate and are
blended to obtaiz rigid body roll rate and structurai mode 9 rate. Filter-
ing of the signals is required for appropriate stability margins. The
system drives the rudder and allerons asymmetrically. Handling qualities
requirements were met by adding a wheel-to-ailleron feedforward signal path
parallel to the existing path. The system gains are scheduled as a function
of flight condition as tabulated in the table in Figure 7.

2.4 System Performance

Systems performence criteria were defined in Reference 2.

The general IAMS Baseline SAS design criteria require that the
Baseline SAS will:
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¢ PNot significantly disturb or contrcl aircrsft structural modes
® Provide stability augmentation to the three sircraft axes
® Retain or improve hardling qualities

® Have a minimum of 10 db gain margin and 60 degree phase murgin for
all structural modes

The IAMS-FCS general design criteria require that the LAMS-FCS
will:

¢ Have a minimumm of 10 db gain margin and 60 degree phase margin for all
rigid body and structural modes

® Retain or improve the existing sircraft handling quelities

e Provide measurable improvement in terms of fatigue damage and/or
maximum expected loads

2.k.1  Safety Analysis

The Baseline pitch SAS is gain stabiiized with all gain margins
greater than 20 db. The Baseline laterai-Directional SAS has a minimum
gain margin of 1 db and a minimm phase margin of 70 degrees.

The IAMS Longitudinal FCS minimum gain margin is 10 db at 61.6
radians per second for the aileron loop at fiight condition 1. The IAMS
Iateral -vire.longl FCS minimum gain margin is 17.7 db for the aileron loop
aL ~ight condition 1 and the minimm phase margin is 86 degrees for the
ruader loop at flight conditions 2 and 3. The basic aircraft with hydrau-
lically powered controls and the Baseline SAS have adequate flutter
boundaries for all altitudes, gross weights, and airspeeds up to and in-
cluding the maxiwum for straight and level flight (%00 KEAS and .9 Mach
nmumber). The LAMS-FCS was flutter cleared only for the three LAMS flight
conditiors.

2.4.2 Handling Qualities Evaluations

Short period characteristics are indicated in Figure 3.

Reither the Baseline SAS or the IAMS-FCS appreciably degraded the basic air-
craft short period handling qualities. Handling qualities with the IAMS-FCS
at flight condition 3 are not within the desired operating region, but are
within the acceptable region. The Baseline SAS and IAMS-FCS pilot ratings
obtained from simulator studies indicate both systems have acceptsble long-
itudinal handling qualities. As would be expected, ratirgs degraded with
increased RMS turbulence velocity.

Figure 9 shows the predicted Dutch roll handling qualities for
the Baseline SAS and IAMS-FCS compared to the basic aircraft. Both systems
improve the Dutch roll handling qualities to be within the satisfactory
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operating region. Predicted roll time constants and spiral time constants
vere within the criteria requirements for both systems. The Baseline SAS
.\ IAMS-FCS pilot ratings obtained from simulator studies indicate both
- stems have acceptable lateral and directional handling qualities but rat-
z8 degraded with increased RMS turbulence velocity.

2.0.3 Structural Performance Predictions

Figure 10 presents the predicted Beseline SAS and IAMS-FCS effects
on turbulence induced fatigue damage for a hypothetical annual wmission com-
posed of the three IAMS flight conditions. The data includes effects of
vertical, lateral, and rolling gusts. Table I shows the comtribution to
total fatigue damage of each of the three analyzed flight conditioms for the
LAMS-FCS.

The IAMS-FCS provides significant reductions over the Baseline SAS
in fatigue damage rasites caused by turbulence for the wing staticns and mid
fuselage statioms. The LAMS longitudinal FCS is primarily credited for the
major segments of improvement in structural performance at those stations.
That performance is attained through ccatrol of the rigid body short period
mode, the first symmetric structural mode, and the sixth symmetric strmc-
tural mode.

Preliminary design studies indicated the primary contributor to
fatigue damage rate at the aft fuselage stations and tbe vertical fin sta-
tion to be the Dutch roll mode, see Section 3.5.1.2. Based on that data.
the IAMS lateral-Directional FCS was designed to control only the Dutch roll
mode far fatigue damage rate reduction. Therefore, the Baseline SAS and the
IAMS-FCS have approximately equal effects on structural performance for aft
fuselage stations and the vertical fin station. Both systems show signifi-
cant improvement over the basic aircraft configuration. It should be noted
that contributions to fatigue demage by asymmetrical structural modes were
considered insignificant at the three flight conditions analyzed during this
program for the specific IAMS test vehicle configuration. The validity of
similar conclurions for other flight conditions or other aircraft configura-
tions would be questionable in the absence of additional analyses.

Both the Baseline SAS and the IAMS-FCS provide reduced RMS accel-
erations at the pilot's station and along the entire fuselage, as presented
in Figures 11 and 12. Reductions in RMS accelerations along the wing
were also provided by both systems. Control of the sixtk symmetric struc-
tural acde and ninth asymmetric structural mode was intended to affard the
IAMS-FCS minor ride qualities improvement over the Baseline SAS.

2.4 Performance Sensitivity Results

The performance definition studies data indicated that the IAMS-FCS
vould operate satisfactorily for all levels, frequencies, and types of in-
puts considered-in the study. The sensitivity analyses indicated that the
IAMS-FCS would in general provide acceptable operation for the aircraft
perametric variations studied. Ta oor case, a 25 percent variation in the
rigid body pitch rate modal coefficicnt, a statically unstable condition was
indicated. Since that coefficient is a function of the aircraft rigid body
motion it was not expected to vary from predicted values. The failure
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IAMS B-52 FATIGUE DAMAGE RATES DUE TO TURBULENCE

COMBINED VERTICAL, IATERAL, AND ROLLING GUSTS

"ANKUAL USAGE" = 25 HJURS AT 350000 1BS., 350 KTS EAS, 4000 FT.
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TABLE I
LAMS FATIGUE DAMAGE RATES DUE TO TURBULENCE

LAMS - FCS SAS (ROLL, PITCH, AND YAW)

2 OUTBD. SPOILERS UP 15°

COMBINED VERTIC:L, LATERAL, & ROLLING GUSTS

CONTOUR LOW LEVEL & CRUISE ENVIRONMENTS

ARE FROM ECP 1128 (B-52 DATA)

COND. 1

1.66 x 10-3
1.45 x 10-3
1.323 x 1073
.1589 x 10-3
.2821 x 107
.0290 x 10-3

.186 x 10-3

DAMAGE PER HOUR

COND. 2

.846 x 10=3
.847 x 10-3
.731 x 10™3
0114 x 107
L0142 x 10-3
.0006 x 10-3

.0093 x 10-3

25 HOURS @ COND. 1
+39 HOURS @ COND, 2
+511 HOURS @ COND. 3
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COND. 3

.0025 x 103
.0049 x 153
.0154 x 10-3
.0005 x 10-3

.0010 x 10-3

.00005 x 103

.000% x 10-3

DAMAGE

PER YEAR*

0758
.0718
.0695
. 0047
.0081
.0008

.0052

CONTOUR LOW-LEVEL, 350,000 LBS., 350 KEAS, 4000 FT. ALT.
CONTOUR LOW-LEVEL, 350,000 LBS., 240 KEAS, 4000 FT. ALT.
CRUISE, 270,000 LBS., MACE. .77, 32,700 FT. ALT.

. Y v
. . iy » RN Y ) -
Y% 33 .. o % sk ota
T ]
- o E
*ﬂmm:n-:—»i
I

[}
v
i

,;u
- R sowaild ;“" w‘ﬁ{ﬂ ;,’3?'
v i ot spopi————— it ‘
! e et e e e T TN I

AR A OISATRAN N BT RN AN . i (00 BTN B oty TS T A N A S A U S B T AU DRI e BRSIE A RS

Ltk £ e o AN
; J%ﬁr qw ~ P LTI A DAN LA L e AP




WS s B T ey
- T

- e e e £ At W oo — e -

0081

0091

TT Z¥NOId
NOIILVMETIEOOV TVOILHEA EOVIESNA SWM

SHHONI ~ NOILVIS Xa0H

00%1 0031 0001 008 009 00%

00¢

T AT T PRI RO TR SRR

SV8. ANI'Tas— - —
KIISXS TOHINOD IHDITA SWYI-—-—
. SVS ON——

(32 000% “SVE SIM 0S¢ ‘SUT 0000SE) T NOILYANOD JHOITA SWVI
ISAD IIND ¥3d NOIIVHTTADOV TVOIIHAA BOVIESAY SKY

10°

150 °

f<o°

Sdi/z8 - V
22

([t

co°

T e e
.

{
1
AU A O VRS A i s




| “a, |
" w
P
2T MO
_
NOIIVYTIZOOV FAIS EOVIASNL SWM “
SHHONI — NOIIVIS X40€ H W
0G8T 00971 00%1 0031 0001 008 009 00% 003 o
10°
] 20°
“ >
, f
| 0" =, 8
| 3
| |
¢ Jco W
! :
v SVS ANITESVE—-—
H WALSAS TOYINOD IHOITI SHVI-— — lmo.
1, M SVS ON— |
A |
4 “ (13 000% ‘SVA SIF 0SS “SET 0000S€) T NOILIGNOD IHOITI SKHVI ”
i | ISNY LING ¥3d NOIIVHTIAOOV QIS FOVIASAS SWY bo- M
[ )
7 i
; H
I /
|
v W

0t MUNKKA BN WS A Pt Ao WAL D LA T it
|L Loyl g, AL A i




S WL F1 3 SO0 PR Y

analyses results predicted that LAMS-FCS hardware cpen or hardover failures
would not result in ar uncontrollable flight condition.

2.5 Ha, dware Design
2.5.1 Aileron Actuat x

The aileron hydraulic actuator positions the aileron in response to
iaputs transmitted from the control wheel, elecirical signals from the sta-
bility sugmentation system, electrical trim inputs or simultaneous cowbina-
tions ot all inputs. Aileron position feedback is obtained from the actuetor
piston rod.

The alleron actugtor contalnc a farce feedback piston that provides
the compensation necessary to achieve the required closed-loop response and
a delay valve that limits the actuator centering rate to 60 degrees-of-
aileron travel per second npon electrical shutdown of the stability augmen-

tation system.

The aileron actuator was designed for an open loop gain of 45 deg/
sec/deg, a no-loed rate of 120 deg/sec, and a maximm force capability of
&50 M’mo

2.5.2 Spoiler Actuation

‘he £ive inboard spoiler panels on each wing are divided into groups
of three panels and two panels. Metered hydraulic flow is supplied to the
spoiler segment actuators by an integrated servo-valve.

The inteograted spoiler valve responds to eiectrical fly~by-wire
inputs, electrical airbrake commands, mechanical pilot input comeands, or
simultaneous combinations of gll cozmand inputs. Mechanical position feed-
back commaends are provided by the existing aircraft follow-up linkesge sysiem.

The integrated spoliler servo valve actustion system had the Zollow-
ing design requirements:

TWO PANEL CONPIGIRATION

Oven Loop Gain 40 deg/sec/deg
Fo Loed Rate 220 deg/sec
Force Capsbility Per Panel Ug 5,700 1lbs
THREE PANEL CONFIGURATION

Open Loop Sain 27 deg/sec/deg
Ko Ioed Rate 140 deg/sec
Force Cape>iiity Per Panel Up 5,700 1lbs
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The two outboard spciler panels are used for the IAMS Longitudinal
FCS. Each spoiler panel actuator is fitted with a special manifold which
adapts an electro-hydraulic flow control valve to the unit. Position feed-
back 1s provided by a transducer fitted to the actuator piston rod. Tke
IAMS-FCS spoiler panels operate from a 15 degree bias point.

Design requirements of the IAMS-FCS spoiler actuastion were as
follows:

~+ain Margin 10 db
Phase Margin 70 deg
Open Loop Gain 43 sec”l

Force Capability - Per Fanel Up 5,700 lbs

. 24563 Rudder and Elevator Actuators

The hydraulic actuatiors used for control of the rudder and ele-
vators are essentially the same as those used for the B-52 G and H fleet in-
stallation of ECP 1195.

The rudder and elevator actuators are mechanically similar and
differ only in envelope dimensiom, stroke, and farce output. Maximus actua-
tor force output is limited by differential pressure limiters incarporated
in the actuator package. The actuators position the surfaces in response to
mechanical inputs, electrical ioputs, or combinations cf both. Swurface
position feedback is obl.ained from the ectuator piston rod position.

The actustor :-haracteristics are as follows:

Fudder Elevator
Open Ioop Gain 45 deg/sec/deg 45 deg/sec/deg
Actuator No Loed Rate 80 deg/sec 80 Geg/sec
Stroke $1.30 inck 11,47 fach
Force Capability 7,320 1lbs 10,530 ibs

2.5.4 Hydraulic Power

The wing hydraulic power is provided by six engine driven hydramlic
mmps, each augmented with an electric motaor driven pump and accumulator.

The rudder and elevator hydraulic power is provided by two electric
motaor driven pumpe. Two separate systems are used and each system has a
self-pressurizing reservoir. A standby source of hydraulic power is furnish-
ed by a hydraulic motor driven pmp (transfarmer) powered by the mmber 5
engine driven system.
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2.5 5 Electronics

Three types of sensors are used in the control system; position,
rate, and acceleration. The position gensore consis% of both a.c. and d.c.
types. The d.c. sensors are conductive plastic potentiometers used for
indication of evaluation pilot's control position and control surface posi-
tion. The a.c. position sensor is a Linear Variable Differzntial Transformer
used for sensing auxiliary actuator position in the control actuwators.

The rate sensors are miniature rate gyros in two ranges: 0-20 deg/
sec and 40 deg/sec. The high range gyros wers used for sensing aircraft roll
rates.

The acceleration sensors sre linesr accelerometers used for monitor-
ing aircraft structural and normel accelerations.

The interfece electronics comprise the major portion of the control
system electrical/electronics installation. All control signal paths pass
through some segment of this system. Safety monitor, system engagement con-
tral. functions, and inflight data monitoring are all part of the interface
electronics.

An interpatch panel, consisting of a removable patchboard and a
mating base panel, receives all flight contrcl lcop input and output signals
and allows desired routing of these signals.

The safety monitor system detects deviation in output signals with
rreset signal levels and disengasges the control system when the ireset sig-
nal levels are exceeded. In addition, the safety monitor provides a visual
warring indicator panel for the test engineer to monitor the csuse of the
systen disengagement.

An engage control panel allows the pilot to select the comtrol mode
desired for a perticular flight condition. A slcw . mrn on system is incor-
porrated in the engage system to prevent large engage transients. lLamp
indicators are available to the pilot, co-pilot, azd test engineer for mon-

itoring system status.

The test engineer's station has a direct writing oscillograph and
associated switching penel, an oscilloscope, and aileron and spoiler position
indicators for inflight date monitorins. The pilot is provided seven special
instruments for in-flight data monitoring. Included in these are rudder and
elevator position 2and normal acceleration at the cge.

The fly-by-wire system is a three axis system using electrical input
capabilities of the hydraulic actuator packages.

The evaluation pilot's colimn, wheel, and rudder pedals are dis-
connected from the normal control csbles and connected to springs for center-
ing and farce gradient control. Position transmitters are installed to
electrically indicate the position of the controls. The position transmitter
output signals are conditioned in the interface electronics and used for
control surface actuator electrical inputs.
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These units are slaved together and
to allow control system flexibility.

tion of the LAMS computer
of control system signals.
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used for control signal conditions and

The IAMS computer is the main component in the LAMS-FCS, The func-
is to provide analog signal blending and filtering
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3.0 SYSTEM DEFINITION
3.1 Introduction

This section of the report conteins the analyses conducted in defin-
ing and synthesizing the Baseline GAS and LAMS-FCS, A description of the
B-52 mathematical wcdel utilized in the IAMS program analyses is presented
in Section 3.2. Siuplified meth models used for individual G=sign, synthesis,
and evaluation studies are also presented. The LAMS Baseline SAS design
analyses and the Baseline SAS description are presented in Sections 3.3 and
3.4, respectively. The LAMS-FCS design analyses are discussed in Section 3.5
and the resulting LAMS-FCS design is presented in Section 3.6. Several final
system design evaluation studies were coaducted for the basic aircraft, Base-
line SAS, and LAMS-FCS configurations and are described in Section 3.7. The
IAMS-PCS spoiler looyp was modified when flight demonstration data indicated
the initial design had less than optimumm perfarmance. The design modifica-
tions techniques ar: outlined in Section 3.8.

3.2 Mathematical Description of the ILAMS B-52

The design and theoretical performance analvsis of the LAMS-FCS
wvere based upon the mathematical model of the IAMS B-52 described in this
section. The mathematical form of the equations of motior and the ideali-
zetions required to descrihe the structure and aerodynamic loeding are
presented. Simplifications and approximations made to expedite specialized
analyses are noted.

3.2.1  Aircraft Equations of Motion

Tae aircraft equations of motion were written in the following
form: .

[ea] [0 + [ed [9] + [e] ]« [a] eersico)]

+ [cs] ;I.((t)* q(t)} + [CG] [;(t)* vg(t-'r jL) ]

+ [c7} [ 4(t) vg(t-fi)j + :38] [;(t)* Pg(t"i)] = [oj

b

wvhere:

E;(t)] are the generalized coordinates representing rigid body
motions, control surface motion, and elastic modes (actuator
and SAS freedoms were added as required).

K(t)  1is Wagner's lift growth function.

#{t)  1ic Kussmer's 1ift growth function.

Vg-(t) is the lateral gust velocity at the gust probe.

vg(t) is the vertical gust velocity at the gust probve.
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pg(t) is the roll gust angular velocity at the gust probe.

T 1 is the gradual penetration time lag for each acrodynamic
panel.

[c ]...,’CB] are coefficient matrices, constant for a specified fuel
1 loading, speed and altitude.

For convenience in taking the LaPlace transform of the equations of

motion, the following Wagner and Kussner 1ift growth function approimations
were used:

K(t)as 1 - .165 exp (-.0455 Yr:) - .335 exp (-.3}3’-'3)

§(t)m 1 -5 exp (-.1300) - .5 exp (-1.0g7)
Ir

where:
V = aircraft velocity

b, = reference semi-chord (130 inches).

The equations of motion shown above include both the symmetiic
(longitudinal’ cod the antisymmetric (lateral-directional) degrees-of-
freedom. dowever, the symmetric and antisymmetric degrees-of-freedom
vere considered independently and were analyzed seperately.

Structural bending and torsional moments and shears were found
after solution of the equations of motion by adding the airluad panel con-
tributions to the mass panel inertia loads (load summation method).

Descriptions of the structural model and serodynamic assumptions
used to obtain the equations of motion are given in the following parag.aphs.

3.2.2 Structural Idealization

The B-52 elastic and inertia characteristics were idealized in two
stages:

® ILumped parameter idealization

® Free vibration mode idealization

The lumped parameter idealization resvlted in a model as shown in
Figure 13. Inertia properties (mass, static moments, momemts of inertia)
were lumped at the structural nodes shown. The nodes were connected by one
dimensional (elastic axis) members. Each node on the wing, fuselage, or
nacelle struts had five degrees-of-freedom in its local axis system; the seg-
ments were assumed rigid only for axial loeding. Each node on the horizontal
or vertical tail had three degrees~of-freedom. These segments were assumed
rigid for fore and aft loading and axial loading.
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Vibration modes were then computed for the unrestrained aircraft
using the lumped parameter model. The modal idealization of the structure
restricted the elastic motions of the aircraft to those which could be ob-
tained fror linear superposition of the selected vibration mode shapes.
Fifty-nine vibration modes (30 symmetric and 29 antisymmetric) were selected
as elastic degrees-cf-freedom for the besic equations of aircraft motion.
Natural frequencies for those modes ranged from 0.8 cps to 33 cps.

3.2.3 Aerodynamic Loading

The airloeds on the aircraft were idealized in terms of finite area
aerodynamic panels, as shown in Figure 14. A preliminary calculaticn gave
the unsteady aerodynaric loads on each panel from two-dimensional inccapress-
ible theory. Then the circulatory part of the airloaeds was modified to
account for coupling of the serodynamic panels using an aerodynamic influence
matrix. That matrix was computed, assuming a static Weissinger discrete vor-
tex sheet, with modifications to the section 1lift curve slope to account for
experimentally measured pressure flnctuations near the fuselage and engine
nacelles. Fuselage panel airloads were based on experimental data and were
not coupled. Experimental compressibility (Mach number) caorrection factors
vere applied separately to the wing, body, stabilizer, fin, and each con-
trol swrface. Control surface aerodynamics were further modified to matc¢h
test data for hinge-moments and center of pressure.

Additional modificgtions were made to the lateral-directional parts
of the equations of motion to assure coarrect Dutch roll perfarmance of the
mathematical model. The most iwpartant change of this type was the addition
of 1ift on the wing due to sideslip which provides the primary contribution
to "C!B" (rolling moment due to sideslip) for the B-52,

The above "experimental corrections” were small with the exceptions
of control surface effectiveness at high Mach numbers, hinge moment data,
and lateral derivatives depending upon symmetric angle of attack. A purely

thearetical aerodynamic snalysis with conventional lateral derivative correc-

tions would yield essentially the same results.

The panel airloeds were used directly for computing structural
loads. For the:equations of moticn, generalized airloads were found from a
matrix expression of the external work dome on the aircraft by the airloads
using vibration mode shapes as elastic degrees-of-freedom.

3.2.k Simplified Mathematical Model

The complete mathematical model, 30 symmetric and 29 autisymmetric
elastic wodes, as shown in Table II through V, was used for structural
performance evaluation and stsbility margin analyses. Smaller. simplified
mathematicnl models, which contained fewer elastic modes, were used advan-
tageously throughout the pro~ram. 3iheir use not only reduced computer
requirements, but provided the designer with a convenient tool for special-

ized snalyses.
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TABLE IT

SYMMETRIC ANALYSIS DEGREES OF FREEDOM

A m e s va———— e

~

[

350 KIP 270 KIP
MODE FREQ. MODE FREQ. MODE
NO. H, DESCRIPTION H, DESCRIPTION
- Rigid Body Vert. - Rizid Body Vert.
- Rigid Body Pitch - Rigid Body Pitch
1 .85 WG .89 WG
2 1.80 ON-KG 1.82 ON-WG
3 2.01 N 2.01 IN
[t 2.19 ON-WG 2.21 ON-WG
5 2.34 WG-AB .41 WG-AB
6 2.62 AB-WG 2.76 AB-WG
7 3.13 WG~-IN-AB 3.13 WG~ II-AR
8 3.h5 WG-AB 3.8¢ WG-AB
9 5.35 WG-FB 555 WG-C
10 5.80 ON 5.98 IN-ON
11 5.99 IN 6.01 IN-ON
12 6.44 WG-ON 6.80 WG-ON-FB
13 7.55 HT 7.59 HT
14 9.09 WG 9.25 WG
15 9.61 AB-WG 10.28 WG
16 10.11 WG 10.41 AB-WG-FB
17 10.71 ON-WG 11.10 WG-AB-ON
18 13.53 AB-WG 1h.02 WG-AB
19 14.52 WG 14,72 WG
20 15.13 WG-HT 15.76 HT
21 16.21 HT 17.09 HT-WG
22 18.20 HT-AB-WG 18.74 WG
23 18.94 WG 19.43 WG
2y 19.51 WG 20.50 HT-WG-AB
2 21.58 HT 21.70 HT
26 22.20 WI-WG 23.21 HT-WG
27 24.39 HT 2h. 40 HT
28 24.57 HT 27.86 AB
29 31.34 WG 31.78 WG
30 31.92 WG 32.88 HT
Actuator and Control Surface Dynamics
SAS degrees-of-freedom
Wagner and Kussner 1ift growth
Component Abtbreivations: AB - Aft Body
FB ~ Forwaird Body
WG - Wing
HT - Horizontal Tail
VT - Vertical Tail
IN - Inboard Nacelle
ON - Outboard Nacelle
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TARLE IIT

SYMMETRIC ANALYSIS DEGREES OF FREEDM
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241 KIP 222 KIP
MODE | FRER. MODE FREQ. MODE
RO. H, DESCRIPTION H, DESCRIPTION
- Rigid Body Vert. Rigid Body Vert.
- Rigid Body Pitch - Rigid Body Pitch

1 1.00 WG 1.04 WC

2 1.86 WG-ON 1.88 WG

3 2.02 IN 2.02 WG-ON

4 2.24 WG-ON 2.25 WG-IN

5 2.67 AB-WG 2.7 WG-AB

6 2.90 WG-AB 3.02 AB-WG

7 3.14 WG-IN-AB 3.15 WG-AB

3 3.98 WG-AB 4.25 WG-AB

9 5.80 ON-WG 5.82 o

10 6.00 IR 6.0C N
11 6.15 ON-WG-HT 6.23 WG-AB
12 T.22 WG-HT 7.35 WG-AB-HT
13 7.61 HT 7.62 HT-AB
ik 9.65 WG 10.18 WG
15  10.57 WG-AB 10.76 AB-WG
16 .10.99 WG-AB-FB 1.4 WG-AB-FB
17 11.52 WG-ON-AB 12.13 (¢}
18  1bh.hh WG-AB 1. L7 WG-AB-FB
19 15.4 HT 15.58 WG-AR-HT
20 16.08 HT-WG 16.42 HT-WG

21 17.h2 HT-WG 17.98 WG-HT

22 19.83 WG 20.1h WG-AB-HT
23 20.31 WG 21.13 WG-HT

o4 21.06 HT-WG 21.50 HT-WG

25 21.98 HT 22.28 HT
Actuator and Control Surface Dynamics

SAS Degrees-of-Fre=sdom
Camponent Abbreviations: AB - Aft Body
- Forward Body

Horizontal Tail
Vertical Tail
Inboard Nacelle
Outboard Nacelle
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ANTI-SYMMETRIC ANALYSIS IEGREES OF FREEDOM

350 KIP 270 KIP
MODE FREQ. MODE FREQ. MODE
NO. Hy DESCRIPTION Hy DESCRIPTION
- Rigid Bedy Lateral - Rigid Body Lateral
- Rigid Body Roll - Rigid Body Roll
- Rigid Body Yaw - Rigid Body Yaw
1 1.18 AB 1.19 AB
2 1.57 WG 1.58 . WG
3 1.95 ON-WG 1.95 ON-WG
4 2.05 IN 2.06 IN
5 2.54 VT-WG 2.61 WG-VT
6 2.68 WG-VT 2.80 VT-WG
7 3.15 WG 3.16 WG
8 3.43 VT-WG 3.67 WG-FB
9 k.09 VT-FB 4,35 VT-FB
10 5.02 WG-VT 5.06 WG-VT
1n 5.85 IN-VT 5.87 IN-VT
12 5.92 VT 5.93 VT
13 5.95 VT-ON 5.96 ON-VT
1k 6.29 VT-IN 6.60 VT-IN
15 6.92 HT-VT 7.30 VT-HT
16 7.97 WG 8.32 We
17 9.37 HT-VT 10.65 ON-WG
18 10.64 ON-WG 10.90 VT
19 11.17 VT 11.59 VT-WG
20 11.61 WG-FB 12.92 VT-AB
21 13.11 VT 13.68 WG
22 13.46 AB-HT 14.28 VT
23 13.63 WC-FB ik .46 VT-WG
24 k.42 We 14.86 VT
25 15.63 VT 16.20 VT
26 15.95 VT 16.75 VT-HT
27 16.66 VT-HT 18.18 VT
28 18.22 VT 18.42 VT
29 18.26 VT 19.21 VT-HT

Actuator and control surface dynamics
SAS degrees-of-freedom
Wagner and Kussner 1lift growth

Airplane Components are abbreviated as follows:
FB - Forward Body AB - Aft Body
HT - Horizontal Tail
IN - Inboard Nacelle
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WG - Wing

VT - Vertical Tail
ON - Outboard Nacelle
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TABLE V

ANTI-SYMMETRIC ANALYSIS DEGREES OF FREEDOM

222 KIP

241 KIP
MODE FREQ. MODE FREQ. MODE
NO. Hy DESCRIPTION Hy DESCRIPTION
- Rigid Bo.y Yaw - Rigid Body Yaw
1 1.23 AB 1.26 AB
2 1.72 WG 1.73 WG
3 1.9 ON-WG 2.02 IN
h 2.07 IN 2.08 IN
g 2.64 WG-VT 2.65 WG-VT
6 2.81 VI-WG 2.82 VT
T 3.22 WG 3.39 WG
e 3.75 WG-FB 3.77 FB-VT-WG
9 4,39 VI-FB L.hy2 VI-FB
10 5.50 WG 5.71 VI-WG
1 5.93 VT 5.94 vt
12 5.95 VT 5.98 o
13 5.97 OoN 6.01 VT
1k 6.87 VT-HT 6.94 VT-HT
15 7.50 VI-HT 7.63 VT-HT
16 9.25 WG 9.89 WG
17 10.95 VT 11.02 VT-HT
18 11.10 WG-VT 11.48 WG
19 11.9%6 VT-FB 12.31 FB
20 12.93 VT-AB 12.94 vT
21 14.29 VT 14.34 VT
22 14, 7h WG-VT 14.01 WG
23 15.1% VI-WG 15.80 VT
ol 15.56 WG-VT-HT 16.10 VT-HT-WG
25 16.23 VT-HT 16.29 VI
2 16.77 VI-HT 16.80 VT
27 18.23 VT 18.24 VT
Actuator and control surface dynamics
SAS degrees-of-freedom
Component Abbreviations: AB - Aft Body
FB - Forward 3ody
WG - Wing
HT - Horizontal Tail
VT - Vertical Tail
IN - Inboard Nacelle
ON - Outboara ivacelle
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The simpiified models are derivatives cf the complete models and are
sumarized below. In general, all of the simplified model gust penetration
lags wer: reduced to three. The three lags consisted of: one for the in-
board wing and forward fuselage, the second for the outboard wing and aft

fuselage, and the third for the empennage. The simplified models used are
as follows:

Baseline SAS Design and Stability Analysis Model

® 1l degrees-of-freedom longitudinal axis (2 rigid body and first
12 structural modes)

® 1k degrees-of-freedom lateral-directional axes (3 rigid body and
first 11 structural modes)

® Lty order actuator model
® Wagner 1ift growth functiors
IAMS-FCS Basic Aircraft Studies Model

® 16 degrees-aof-freedom longitudinal axis (2 rigid body and first
14 structural modes)

® 1k degrees-of-freedom lateral-directional axes (3 rigid body and
first 11 structural modes)

IAMS-FCS Gust Alleviation Studies Model

® 2 degrees-of-freedom longitudinal axis (rigid body modes)
® 1st order actuator dynamics

IAMS-FCS Optimal Control Derivation Model

® 5 degrees-af-freedom longitudinal axis (2 rigid body and first,
second, and sixth structural modes)

® 5 degrees-of-freedom lateral-directional axes (3 rigid body and
first, eighth, and ninth structural modes)

® First order actuator dynamics
® Wagner lift growth functions

IAMS-FCS Controller Synthesis and Ferformance Sensitivity
(Analog Computer Model)

® 8 degrees-of-freedom longitudinal axis (2 rigid body and first,
second, fourth, fifth, sixth, and eighth structural modes)

® 8 degrees-of-freedom lateral-directional axes (3 rigid body and
first, second, f£ifth, eigzhth, and ninth structural wodes)
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In addition to the above, the sensitivity analysis included:

® Gyro limits, actuator limits, and intexnal system signal
path limits

= ® Actuatar hysteresis
' IAMS-FCS Initial Structural Performsnce and Stability Analysis Model

® 16 degrees-af-freedou longitudinal axis (2 rigid body amd first
1k structuwral modes)

® 1k degrees-of-freedom ‘lateral-directiona) axes (3 rigid body and
f£irst 11 structural modes)

® 3rd Grder actuator dynamics
t: (stability anslysis only)
® Wagner lift growth functions
Handling Qualities Studies (Analog Computer Simulation)
| ® 3 degrees-of~freedom longitudinal axis (rigid body quasi-elastic)

» ® 3 degrees-of-freedom lateral-directiomnal axes (rigid body quasi-elastic)
5 ® 3rd ordler actuator dyneaaics

» ® Actuator and control input liwits

: ® Spoiler nonlinear gains

IA!S-FCS Final Stability Analysis

o, ® 2 degrees-of-freedom longitudinal axis (2 rigid body and first
L 22 structural modes)

¢ 2L degrees~of-freedom lateral-directional axes (3 rigid body and
a £irst 21 structural modes)

® kth order actuator dynamics
® 2pnd order sensor dynamics

® Wagner 1lift growth function
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Flitter Analysis Models
& These anelyses used the mathemati: al models described in Section 3.7.l.2
based on the degrees-of-freedom conta.lned in Tables II through V.

Finel Systems Structural Perfcrmance Evaluation “odel

(Used entire math model =s described in Section 3.2.1)

3.3 Baseline SAS Design Analysis

The general Baseline SAS design criteria states chat the Baseline
SAS wills

® 3Be representative of conventional stability augmentation systems
® Not signifirantiy disturb or control airrraft structural modes
® Provide stability augmeatation to the three aircraft axes

® Retain or improve handling qualities

® Have a minimm of 10 db gain margin and 60 degree phase margin
for all structural modes

Design synthesis for the Baseline SAS primarily utilized gain and phase root
loci techniques; supporting design analyses uoed frequency response tech-
niques.

Stability analyses were condacted using gain and phase root loci as
well as frequency response techniques. Handling qualities were evaluated
using time history response of the rigid body dynamics. All of the tech-
niques described above are accomplished with digital computer programs.

The initiul IAISS B-52 test vehicle configuration included spoilers
flown in the zero airbrake position. Subsequently, the configuration was
modified to £]1y the outboard two spoiler panels on each wing at a 15 degree
biased position to accommodate the IAMS-FCS design. The Baselie SAS was
designed for the initial test vehicle configuration and was not modified
as a function of the altered test vehicle configuration since the biased
spoiler configuration would not materially affect the results.

Stability wargins for the 15 degree bias spoiler configuration
were calculated for flight condition 1 and no significant effects were
observed.

3.k Baseline SAS Description

The Baseline SAS is a three axes aircraft flight control system.
The system design accommodates operation of each axis independently or any
combination of the three axes. The system is described in the following
paragraphs as a longitudinal axis system and a lateral-dire:tional axis
system.
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3.4.1  Longitudinai Axis (Symmetric)

The primary function of the Baseline longitudinal SAS is to augment
damping of the short period mode. Figure 4 shows the system block diagram
and contains the gein schedule for the three LAMS flight conditions. The
SAS augments short period damping with a pitch rate feedbeack signal driving
a kydraulically powered elevator. Pitch rate is cbtained from a rate gyro
located at Body Station 820. An electronic filter sliapes the feedback sig-
nal to ensuvre stability and obtain desired handling qualities. This filter
includes two networks. The washout network .(.._E___)., reduces the SAS re-

s + .75
sponse to low frequency pilot commands and the rolloff network --—1—-2- P
(s +15)
attenuates structural mode feedback. Thus, the electronic fiiter rejects
feedback signals generated by the pilot or the structurasl modes and accepts
only the signal generated by the aircraft short period mode.

3.4.2 Leteral-Directional Axis (Antisymmetric)

The Baseline lateral-Directional SAS design and gain schedule are
Presented in the block diagram of Figure 5 . This block diagram includes
a Baseline roll SAS, a Baseline yaw SAS, and an aircraft dynamics block
vhich includes coupling effects between the roll and yaw systems. Also
included are spoiler contributions to the system and the evaluation pilot’s
inputs.

This Baseline roll SAS design improves roll response of the aircraft
to the evaluation piloi's wheel command without decreasing steady-state roll
rate capability of the aircraft by more than 10 perceant. A feedback loop
decreases the rol). time constant by sensing roll rate with a rate gyro lo-
cated at Body Station 820. The gyro signal, with proper shaping and gain
(K;3), is fed into the aileron acutatars.

Signal shaping is mede up of two electronic filters. A notch fil-
ter placed in the farward path keeps the evaluation pilot's wheel command
from exciting the secomd structural mode, which consists primarily of the
ving vertical bending. A filter in the feedback path provides high fre-
quency attentuation. This prevents the feedback signal from operating on
the structural vibration modes. A forward gain (K) is also included in the
Baseline roll SAS design to maintain the required steady-state roll rate
level.

The Baseline roll SAS was designed to be used with the evaluation
pilot only. No mrovisions were made to implement the change in forward gain
(K) other than by electrical amplification of the fiy-by-wire signal gener-
ated by the evaluation pilot's wheel comsand.

Improveaunt in roll response is obtained by aileron overshoot and
therefore is not attainable for wheel commands large enough to saturate
the ailerons. The minimwm fraction of full wheel commend that can be to
saturate the ailerons is equal to the reciprocal of the forward gain {K).
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The Baseline yaw 3AS increased Dutch roll demping with yaw rate
feedback, utilizing s rate gyro locaved at Dody Station 6i€. Thez rate gyro
signal is shaped and fed to the rudder actuator. A washout term is included
in the shaping network to prevent the rudder from opposing the evaluation
pilot and monitor pilot commands during turns. High frequencies are
attenuated with a rolli off term to eliminate structursl mode feedback.

Coupling between the roll and yaw systems was not of major concern
during the Baseline SAS design, but the SAS does reduce coupling effects.
Roll rate response resulting from a wheel command contains a Dutch roll
component which the Baseline SAS damps; thus, the roll rate component
attributable to aircraft sideslip is reduced.

3.5 IAMS-FCS Jesign Analysis

The suggested general design criteria for the IAMS-FCS require
that the system:

® Retain or improve the existing aircraft handling qualities.

® Have a minimum of 10 db gain margin and 60 degree phase margin for all
rigid body and structural modes.

® Frovide measurable improvement in terms of fatigue damage or maximum
expected loads.

The segments of the design process were categorized as basic air-
craft studies, gust alleviation studies, optimal control theory design, and

system simplification synthesis. These analyses used the math models de-
scribed in Section 3.2.4.

3.5.1 Basic Aircraft Studies

The basic aircraft study validated the computational program used
by Boeing and Honeywell. This was accomplished by comparing free aircraft
data. In additiom, this study suggested the relationship of both rigid body
and structural modes to fatigue damage rate and to local accelerations at
the pilot's station.

3.5.1.1 Controls locked Fatigue Demage Calculations’

RMS stress and stress rate calculations are based on the applica-
tion of residue theory to the stress or stress rate per RMS5 gust transfer
functions. These transfer functions are formed from a linear combination
of moment to RMS gust transfer functions and appended with the turbulence
model transfer function. Fatigue damage rate calculations are derived from
the Minor hypothesis.

The computer programs for cslculating RMS stresses, RMS stress
rates, RMS accelerations, and fatigue damage rates were verified by Honey-
well by computing check data for the free aircraft comfiguration to compere
with similar data computed at Boeing-Wichita. Figures 15 and 16 present
the relative mode comtribution to the total mean square st-ess and the
relative expected fatigue damage rates at each of the critical stress
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locations that were evaluated. The relative mode contributions were based

ranking of tne residues associated with the second order complex struc-
tural mode roots.

g

3¢5.1.2 Artificial Damping Studies

The objective of this study was to determine how damping the
structural modes altered the damage 1ate. Mode damping was accomplished
by altering the wncoupled mode damping ratio. The modal pole and zero both
undergo translation, since modifying the free vibretion mode damping values
will effect the numerator and denominator roots of the stress and stress
rate per RMS gust transfer functions. The study used flight condition 1
longitudinal and lateral duta without transport delays.

For the longitudinal axis, mcoupled damping was increased by a
factcr of two and then four over nominal for structural modes L through 6.
The only signficant change in damage rate results from a modification of
structural aode 1 damping. Doudling the uncoupled damping of structural
mode 1 decreases the damage rate of Wing Station 516 by 26 percent while
increasing the damage rate at Wing Stetion 899 ty 23 percent. Additional
structural mode 1 damping increases the damege at Wing Station 516. The
onty significant reduction in RMS acceleration resulted when structural moue
6 damping was increased to four times nominal. For this condition, the
acceleration decreased from 0.0156 g to 0.0125 g IMS. Figure 17 shows re-
sults of the artificial damping study for the longitudinal axis.

Similarly, for the lateral axis, the umcoupled damping ratio was
first doubled and tbhen increased by a factor of fowr. The first five
structural modes vere artificially damped for this axis. The results indi-
cate that only by damping structural mode 5 can any appreciable improvement
in location FS 135 fatigue damage be obtained. Increasing the damping of

structural mode 1 by a factor of four reduced the pilot's lateral acceler-
ation from 0.0082 g RMS to 0.0051 g RMS.

3.5.1.3 Uncoupled Mode Investigation

By uncoupling the equations of motion, the natural frequencies,
damping ratios, and importance of forcing functions may easily be determined.
The uncoupled natural frequency and damping ratio of all symmetric and un-
symmetric elastic modes were calculated and tabulated for flight condition 1.

The ratio of the control surface response to the gust response of
a given elastic mode demonstrates to vhat extent the effects of the total
respounse may be alleviated. From the uncoupled equations of motion, this
ratio can be calculated for steady-state conditionms.

3.5.2 Gust Alleviation Studies

Three preliminary gust alleviatior concepts were synthesized. The
first concept stabilizies rigid-body motion, the secord corcerns loeds, and
the third attempts to minimize wing fatigue. These alleviatior concepts
vere evaluated by inspection and analog simulation. It became apparert
from the other IAMS studies that the IAMS type problem had to be solved
as an entirety vhich suggested the application of the optimal control theory.
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Although it was apparent that they would not be used in the IAMS-FCS, the
three gust alleviation concepts were evaluated to provide background infor-
mation and insight to the system designer.

3¢5.2.1 Center of Gravity Disturbance Alleviation

This concept attempts algebraic cancellation of gust forces with
aileron and elevator controls. The required elevator and aileron gains are
as follows:

be

o= = -.0735 deg/fps
:

6
a
T = +2.78 deg/fps

A problem arises from this apmroach if vertical turbulence is
sensed with a vane or gust probe. The system is destined to sense o
feedback, as shown in Figure 18.

o Frrers | 8 .
SENS(RS ADD ) !——-—-
CTUATCRS

OPEN LOOP SYSTEM

FIINERS 6

CLOSED LOOP SYSTEM

FIGURE 18
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This closed Loop system can be effective only if the feedback ic

high-pass filtered for frequencies above the short period natural frequency.
This filtering though omits the most important portion of the gust spectrum
for load alleviation. If filtering is neglected, airframe dynamics will be
severely altered tc the point of unacceptable handling qualities. Initially,
this concept was considered to have the most promise for the B-52; however
improved filtering and a scheme for deriving og would be needed for imple-
mentation. Had this concept been pursued, considerable design emphasis
woulé had@ %o have been placed on handling qualities and aircraft structural
mode stability.

3+5.2.2 Wing Stress Disturbance Alleviation Concept

This concept considered cancellation of loads with control surface
activity to maintain minimm wing stress levels. This method calls for con-
trol surface activity far beyond realistic amplitude and rate values as
noted below:

5

i = 8.47 deg/fus
:.,_4 = 17.55 deg/fps
g

A supplementary approach which feeds back aircraft rigid-body motions and
sensed turbulence also reguired unrealistic control surface activity. This
method gives rise to undesirable handling qualities caused by exceptionally
large pitch short-period natural frequency.

3.5.2.3 Wing Fatigue Disturbance Alleviation Concept

This concept attempts to hold wing stress ratz2s at a minimum via
cancellation of gust and gust rate induced loads with the aileron and
elevator control surfaces. The required comntrol surface activity was
found to be:

[8.] 1-211 -5.03 |[s, [—1&01 91.6
<4

. L + x
l_a -5kl -11.8211s -298.5j & 191.6| ©

&

A supplemental system fed back aircraft rigid bciy motions as well. The
controller equation was then:

be w00 771 Ta -25.8 ~140.0
. = + 6e+ o
by -298.5 160.0 | |8 -57.0] -298.5 &
91.8] .
+ @
191.6} &
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Both apprroaches created sluggish aircraft responscs and the systems vere
marginaily stabie.
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3.5.3 Optimal Control Theory

.. oy

. One goal of the LAMS study was to reduce fatigue damage rate and
i acceleration at the pilot's station through the use of automatic control.
: One technique for accomplishment of this goal is the use of cptimal control
theory. In this, the quadratic control problem was determining the linear
feedback controller which minimized a scaler performance index of fatigue
damage and acceleration. i

Two measures of structural integrity were used in this program:
an estimate of the likelihood of exceedingz static ultimate strength and
an estimate of fatigue lifetime. The lifetime of a single structural wmem-
ber is determined by the minimuwn value for this pair of measures. Since the
: aircraft is a multimember structure, its lifetime is the minioum of all
: members. Therefore, the structural performance goal of the conmtrol system
is to increase this measure.

TR HT T, T W O AT SRR T

A mathematical property of optimal controllers permitted exclusicn
of handling qualities from initial design efforts. The property is that the
quadratic-optimum controller, which minimizes the effects of disturbances,
consists of a linear feedback controller and a linear feedforward controiler
(from the disturbance input), and the feedback controller is independent of
the statistics of the disturbing input. This independence implies that one
could initially desizn a feedback controllier for structural integrity and
ride qualities in gusts, and later design an input filter {for pilot stick
commands) far good handling qualities. Therefore, handling qualities were
not consicered in the optimization formulation. The maximum structural
integrity measure was formulated as a minimum cost function and the control-
ler minimizing the quadratic ccst fumction was found by a conventional
Lagrange multiplisr manipulation.

Wi

. Digital programs were used in the iteration process necessary for
‘ obtaining final results. Dectailed derivaticns of the performance measurc
and the optimal control law are presented in Appendix A and a description
of the mathematical model used for the optimal control program is presented
in Section 3.2.k.

3.5.4 Optimal Control Law Simplification

AT fe TRV EA T

Optimization techniques resulted in control laws containing 81
gains in the longitudinal axis and 90 gains in the leteral-directional axis.
Therefore, the control laws had to be simplified to lend themselves t5 a
practical system design for implementation aboard the B-52 flight test
vehicle.

i The simplification techniques primarily utilized the analog com-
puter simulation described in Section 3.2.4k. The simplification procedure
was an iterative method:

i 48
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® Start with the free aircraft simulation
@ Add one feedback from the control law

® Retain that feedback if the performance was beneficial

® If the performance was not beneficial, change the feedback sign and
retain if beneficiel

® If the performance was still not beneficial, discard that feedback

e Ada another feedback and iterate the above procedure

M LG RO ST SRRV R VR ISR R W

After a ¢implified set of fecdbacks were determined in this manner, addi-
tional iterationc were accomplished for varistions in feedback gains in an
attempt to duplicate the original optimal control law performance.

Supporting digital computer analyses evaluated the simplified
system stability and performance during the analog cowputer ...ative pro-
cesses. Descriptions of the mathematical models used for the cdigital com-
puter programs are presented in Section 3.2.k..

The IAMS lcngitudinal FCS was designed with the foregoing technique
but reprated difficulty in attempts to simplify the Lateral-Directional
optimal control law required a "start from scratch” analog computer design
csynthesis for the IAMS lateral-Directional FCS. That procedure was similar
to the one described asbove with the exception of having a control law as a
guideline.

- =

3¢5.5. Sensor Blending Technique

The controller synthesis efforts determined the appropriate air-
craft parameters to be used as feedbacks to the available control surfeznes.
Application of matrix irversion techniques then defined the sensor signal
biending gains required to obtain the desired feedback parameters. As an
cxample, the IAMS Longitudinal FCS required feedback signals of rigid body
pitch rate (8), siructural mode 1 rate (4;) and structural mode 6 rate (q.)
Three rate gyros were selected to derive the three rate feedback terms.
Their location was chosen by judiciously observing the mode shapc slopes of
the fuselage and wing, see Figures 19 and 20. Observe that the sensor
locations tend to maximize desired sensed parameters and minimize undesired
csensed parameters within the constraints of required polarities.

Considering the rate Syro output 51gnal° to be functions of only
the three desired parameters, 93> and q6, the output signals may be

expressed:

1 t rate gyro 1 output all 812 a13 8

§ .

; rate gyro 2 output | = a

] & pu aal 22 23 ql

rate o 3 output 3

{ ate gyro 3 pu a3l 332 a33 9

é _ _

§ 49
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rate gyro i output 8
rate gyro 2 output | = [a] 4,
“rate &yro 3 outout d

vhere 8,0 85 etc. are the numerical modal coefficients from the mode

shape curves. After pre-multiplying by the inverse of the matrix !a‘! the
equation above becomes: P

8 rate gyro 1 output

R -1

49, = {a] rate gyro 2 output

66 rate gyro 3 output
and the elements of [a. " are the required blender gains.

3.6 IAMS-FCS Description

The preceding analyses resulted in the design of the IAMS Flight
Control System. The Longitudinal-Axis is defined in paragraph 3.6.1 and
the Lateral-Directional Axis in paragraph 3.6.2 The location of the 10 rate
gyros used in the IAMS-FCS is shown in Figure 21.

3.6.1  Longitudinal Axis

Figure 6 shows the block diagram of the 1 tudinal axis FCS and
the system gains for each flight cordit:oi:. The 25/(25 s+l) pseudo integra-
tions of the sensed rate signals proqid: disrlacement signals for blending
and shaping. The 25 second time concstaut was based on analog studies. A
smaller time constant made the command response overdamped, whereas a larger
time constant gave rise to extremely large settling times on command signal
release.

The elevator control loop lag-lead Filter (S/u5+1)/(S/20+1)
wvas selected to modify the elevatcr actuator-contrcl surface dynamics to
conform with the dynamics associated with the derivation of the optimel
feedbacks. The ideal system had actuator-control surface dynamics which
corresporded to a lag at 20 radians per second. Hence, cancellation of the
pole at 46 radians per second, and the addition of a pole at 20 radians per
second combined with the actual actuator-control surface dynamics, yields
a reasonable approximation to the ideal dynamics. The 100 radians per sec-
ond notch filter is used to offset the peaking at 102 radians per second
caused by the elevator control surface. This notch filter provides approxi-
mately 16 db attenuation at 100 radians per second.

The aileron loop lead-lsg network (S/10+1)/(S/100+1) provides lead

compensation for structural mode 6. The 100 radians per second notch is
functionally identical to the elevator notch filter.
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e PR, 1
The high-pass filters 105/{1Ce+l) in the elavator; aileron

spoiler loops prevent D.C, null offsets in the loops.

T ST

The pilot input command drives an electromechanicsl servo in
parallel with a direct lov-pass input to the elevator servo. The gain,
Kp, is a function of flight condition and is selected to give a fixed pitch
rate response rer controli ~olumn deflection for each of the three flight
conditions.

RRTPTOA S PTTNC

% : 3 o£e2 Lateral-Directional Axis

Figure 7 shows the block diagram of the lateral-Directional Axis
FCS and the system gains for each flight condition.

Ruddar control loop actuation dyaamics are altered to approximate
ideal system actuator dynamic with the lag-iead network (s/L6+l}/(s/15.3+L).
The 100 radians per second notch filter attenuates the peaking of the rudder
actuator-control surface dynamics at 100 radians per second.

Aileron loop filters (s/75 +1 (slloo + 1) / s/20 +1} {s/l0 2 )
modify the aileron actuator-control ace dynamics to approximate actuator
dynamics of the optimal system.

The lateral-directicnal axis pilot command inputs drive the rudder
) ; directly for yaw control and command the aillerons and spoilers to obtain
3 sufficient roll rate. The gain, Ky, is selected to ackieve a constant roll
rate per control wheel deflection for all flight conditions.

g 3.7 Evalustion of Final Systems

Upon completion of the Baseline SAS and IAMS-FCS design synthesis
Programs, several detailed evaiuation analyses of the system designs were
ccnducted. Boeing-Wichita evaluated the systems stability, handling quali-
ties, and structural performance and Honeywell ccnducted a performance sen-
stivity study. These analyses and studies were more ccmprehensive and
1 detalled thau those accomplished during the systems design and development
SN stages. The analyses served two distinct functions:

W e oo 1

§ ® Assured thecretical compliance with tbz suggested criteria presented
i in Section 1.0

9 DProduced theoretical verformance data for cbmparison with flight
: demonstration data

3 H
t ' 3.7.1 Sefety Analysis

- The safety analyses were conducted to assure the systems had ade-

F quate stability margins. The stability analysis segment calculated phase and
gain margins as a function of the feedback loop gains and the flutter analy-
sis segment calculated aircraft structural stebility as a function of test
vehicle airspeed.
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3.7.1el Stability Analyses

Stability analyses wers conducted for the Baseline SAS and IAMS-
FCS. System bandwidth differences required that the LAMS-FCS siability
analysis be conducted vsing s larger mathematical model than was used for

Baseline SAS. The mathematical model descriptions are presented in
Section 3.2.k.

3.7.1.101 Baseline SAS

The Baseline SAS stability analysis utilized closed loop gain and
phase root loci plots and open loop frequency response plots to determine
the theoretical system gain and phase margins. Digital computer programs
were used exclusively to calculate the reguired data.

3&7.101.2 IA}B"FCS

Initially the LAMS-FCS stability analysis utilized closed loop gain
and phase root loci plots and open loop frequency response plots to determine
the thecretical system gain snd phase margins for the three IAMS flight con-
ditions. The root loci programs varied the gain of each feedback loor of the
multilocp system wnile all other loops remained at ncminal gains. Opren loop
frequency response plots were obtained for the multipie feedback loop system
by assuming one loop open with all others closed at nowinal gein. Digital
computer progrems calculated the frequency resronse and root loci data.
Digital computer canasbilities limited the number of degrees-of-freedom used
for root loci techniques to be less than the mmber of degrzes-of-freedom
utilized for frequency response programs. Subsequently, only frequency re-

sponse prcgrams were used for final cslculations of the ILAMS-FCS stability
analysise.

3.7.1s2 Flutier Analyses

Flutter analyses of the IAMS eircraft were conducted for the basic
hydraulically powered aircraf” (with SAS), the Baceline SAS, and the IAMS-
FCS Stability Augmentatiou System.

3.7+1e2.1 Basic Aircreft and Baseline SAS

The basic aircraft and Baseline SAS analyses were conducted to
provide flutter clearance for all altitudes and gross weights used throughout
the IAMS test bed mission profile up to and including the maximum airspeed
for straight and level flight {400 KEAS and .90 Mach). These analyses con-
sisted of analyzing three altitudes (10,0C0, 22,000, and 32,700 feet) and
four gross weights (350, 270, 241, and 222 KIFS). To attain the high air-
speed at low altitude, the B-52E 3000 gallon external tanks were removed as
tabulated in T.0. 1B-52E-1 handbook, Section V, Flutter Limitations.

The snalyses required to provide adequate evaluation of the air-
craft flutter boundary for the sbove conditions are as follows:
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Analyses

Symmetric

Antisymmetric

Gross

Weight Altitude
KIFS 1000 feet
350 10, 22 & 32.7
270 10, 22 & 32.7
2% 10, 22 & 32.7
2@' 10, 22 & 32.7

Included 2 RB & Elastic
DOF's b thru 22, 27 &
28. (Section 3.2.h,
Table II)

Included 2 RB & Elastic
D@F's 4 thru 16, 18 thru
22, 26 & 28. (Section
3.2.4, Table II)

Included 2 RB & Elastic
DOF's 4 thru 16, 18 thru
22, 26 & 28. {Section
3.2.k, Talle ITII)

Included 2 RB & Elastic
DGF's L thru 16, 18 thru
22, 26 & 28. (Section
3.2.4, Table IIT)

Included RB Yaw & Elas-
tic DOF's 4 thru 18,

20, 22, 30 & 31. (Sec-
tion 3.2.4, Table IV)

Included RB Yaw & Elas-
tic DOF's 4 thru 18,
21, 22, 29 & 30. (Sec—
tion 3.2.h Table IV)

Included RB Yaw & Elas-
tic DCGF's U4 thru 18,
20, 22, 29 & 30. (Sec-
tion 3.2.4, Table V)

Included KB Yaw & Elas-
tic DGF's 4 thru 18,
20, 22, 29 & 30. (Sec-
tion 3.2 4, Table V)

_Introduction.

The basic aircraft analyses included control surface and actustor

Section 3.4.

‘dynamics and the Baseline SAS annlyses added the SAS dynamics presemted in
Inputs by Kussner and Schwarz two-dimensional strip theory,

corrected for finite span and compressitility effects, was used in the aero-
ﬂynu:lc portion of the analyzer.

3.7.1.2:2 IAMS-FCS

The IAMS-FCS flutter analyses were conducted to provide flutter
clearance for IAMS flight conditions one and three as discussed in the

However, the following analyses were conducted to provide

adequate clearance for the flight test program with respect to airspeed,
gross weights, and IAMS flight conditions:
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Gross Flight
Weight Altitude Condition Analyses

KIFS 1000 feet Symmetric Antisymmetric

350 10 1 Included 2 RB & Included 2 RB &
the first 26 elas- | the first 28 elas-
tic modes from tic modes from
Table II. Table IV.

270 10 1 Included same Included rame mm-
number of modes as | ber of modes as
above from Table above from Tsble
II, Iv.

270 3.7 3 Used same as Used seame as
10,000 fcot, 10,000 foot
270 KIPs 270 KIFS
configurstion configwration

241 32.7 3 Included 2 RB & Included 2 RB &
the first 26 elas- | the first 28 elas~
tic modes from tic podes from
Table IV. Table V.

All analyses included the hydramlic actuator and control swrface dynamics in

addition to the IAMS~FCS dynamics presented in Section 3.6.

As noted above,

Kussner and Schwarz two-dimensional strip theory, corrected for finite span
and compwessibility effects, was used in the analysis.

In addition to the above nrimary analyses, parametric variationms
in the longituiinal, lateral and direction control systea stiffness, the

aileron and rudder actuator dynamics, and the nonlinear effects of the ail~-

eron hinge uowent were accomplished to identify the sensitivity of these
parameters to the aircraft flutter boundary.

The above IAMS-FCS flutter analyses were conducted with the initisl
IAMS spoiler configuration which used all seven spoiler panels per wing as

discussed in the Introduction and Section 5.2.2.

However, when the IAMS

spoiler coufiguration was changed to using oaly panels 1, 2, 13, and 14, the
270 KIP symmetric and antisymmetric analyses were rerun for FC-1l and 3
respectively., No further anslyses were accomplished since no apparent flut-
ter problems existed up tc and including the intended test airspeeds for

etther flight condition.
Handling Qualities Evaluation

3.7.2

To evaluate the effect of .he Baseline GAS and LAMS-FCS an the
gircraft handling qualities, the basic aircraft was simulated using a six
degree-of-Yreedox, quasi-elastic model. To assure that the simulated air-
craft model was sn adequate representation, the simulated aircraft response

i o S e
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was compared to that of past flight test deta.

The dynamic characteristics of the simulated model including the
Baseline SAS were checked by comparing root loci plots from the quasi-
elastic model analysis and a 24 Gegree-of-freedom model analysis. To check
the response of the quasi-elastic model with the LAMS flight control system
in the loop, time history responses were obtained from Honeywell analog
‘simulations for various types of inputs and compared to the Boeing quasi-
elastic responses.

. When it was assured that the aircraft and both SAS systems were
being simulated accurately, the analog computer was coupled to the Boeing-
Wichite print light simuletor facility to evaluate the aircraft handling

' qualities.

Several different tasks were assigned during each test run so that
the pilot could judge the maneuvering qualities of the aircraft for various
control inputs. The first task was to fiy the airc:aft straight and level
maintaining constant airspeed and altitude. The different maneuvers per-
farmed for each run ircluded a constant altitude turn into a specified bank
angle and then a return tc the original heading. After this task was
accomplished the pilot did a climbing turn using the same procedure as for
the level turn except that he maintained a fixed rate-of-climb throughout
the twn. The descending turn was then accomplished and a given rate-of-
descent was maintained throughout the maneuver. After completing the turns,
the pilot accomplished a visual tracking task to further evaluate the air-
craft flying qualities.

The runs were five minutes in duration and the pilot was allowed to
fly longer if required for s proper evsluation.

The rurs were scheduled in a random sequence to minimize the learn-
ing effects and to ensure that each configuration was evaluated on its own
merits. Filots were briefed on the purpose of the tests and the flight
condition being evaluated prior to the start of any testing. The pilot was
also allowed a warm up period before each testing session. Total test times
were limited to two hours maximm with a short break at the end of the first
hour to avoid biasing the data by pilot fatigue.

The rating system utiiized was typical for handling qualities
eveluation. Although the uata is essemtially subjective, it was gquantified
by the use of Cooper ratings. A questionnaire was also utiiized to obtain
a reason for the pilot rating, i.e., problems in holding heading, or diffi-
culty due to a longitudinal stsbility characteristic. Also measured were
the root mean square angles of attack and sideslip and the pilot's control
activity in terms of wheel, pedal, and column rates.

3.7.3 Structural Performance Analysis

Selected aircraft parameterc were used to evaluate the Baseline SAS
and IAMS-FCS effects on structural performance for flight through turbulence.
The parametric evaluations utilized the entire mathematicel model descrived
in Section 3.2. The evaluation parameters and analysis procedurcs and
methods are discussed in the following sections.
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3.7.3.1 Seleccted tvaluation Parameters

The structural performance of the LAMS-FCS was evaluated for flight
through random atmospheric turbulence. Fatigue damage rates, expected peak
stresses, RMS stresses, and RMS accelerations were calculated at selected
aircraft stations. Acceleration power spectra were computed for the crew
compartment.

The structural performance parameters were used as performance
indices in the design of the LAMS Flight Control System. Available per-
formence gains were subject to handling qualities, flutter, control author-
ity, and other restraints. The same parameters, plus RMS loads at many
additional aircraft stations, were used to evaluate and compare the perfor-
mance of the final IAMS Flight Control System decign with the Baseline SAS
and basic aircraft.

The following paragraphs describe the selected stress stations, the
atmospheric turbulence description and the relationships of turbulence, the
B-52 mathematical model, and predicted structural performance.

3+7.3.2 Etresses for Performance Index

Bending stresses at six points in the B-52 structure shown in
Figure 22 were selected as the basis of faiigue damage rate performance
index calculations. The stress locations were chosen to be representative
of the most sensitive areas of the wing, body, and empennage during flight
through turbulence. Other important contributions to B-52 sccumulated fati-
gue damage such as takeoff, landing, and aerial refueling were not considered.

The selected stiffeners, longerons, and spar caps are each in ten-
sion during steady, level flight. Stiffener 5 at Wing Station 516 accumu-
lates damage at about the same rate as the other critical areus of the in-
board part of the Wing. Stiffener 3 at Wing Station 839 is typical of the
susceptable parts of the mid-wing. The cyclic nature of main spar cap
stresses at Fin Station 135 and Stabilizer Buttock Line 32 is typical of
that for the upper longeron in the aft fuselage.

3.7.3.3 Atmospheric Turbulence Model

The atmospheric turbulence model used for the LAMS B~52 structursl
performance studies assumed Gaussian random, stationary, isotropic turbu-
lence with the Dryden power spectral density for verticel and latersl com-~
ponents. The equation for this turbulence model is as follows:

2
2L [1+3 (2L (Ft/Sec)?
v

Q(f) - 'gﬂfL‘:?’E CPs

Il + a2l
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Both Op and 9% can be calculated from the gust power spectral den-
sity and the stress frequency response function to gusts. The frequency re-
sponse functions for this analysis were calculated numerically from the B-52
mathematical model.

The exceedance function was computed at:
o

M(£y) = T {M(fi)] o =CONST. x 9(68) do,g
~° g

A
where f(cg) is the probability density distribution of the appropriate RMS
turbulence component and where Rice's exceedance 1is

2
b, S e
d 2
1) og.consT. 2mM0p/0g 1_2 (af/og) % |
The adaptation of stress exceedance data to fatigue damage calcu-

lations reguires further assumptions. The linear cumulative theory of
fatigue states that:

o
n,
Damage = z; i
1= N (fi’ fmeaﬁ)

where fi = glternating stress amplitude

frean = steady level flight stress
NM(f5, fpean) = experimental nmumber of alternating cycles at the

ith stress level before fatigue cracks appeer

n, = number of cylces of applied stress at the ith
stress level

Fatigue cracks will theoretically appear when Damage = 1.0.

For random stress variations, an equivalent n; is defined for the
£ .
stress level (fs - AE—) <fs< (fi + Ag—) as:

n, = [M (fi - Ag_) - M (fi + Ag_)] x (flight time)

The final equstion for fatigue damage accumulation rate in terms of the
exceedance function is then:
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where

#(2)

power spectral density for vertical or
lateral turbulence component

o = RMS gust component velocity

<
(]

airplane speed
L = "Scale of Turbulence”, 1000 £t was used

£ = frequency in cps

The antisymmetrical compornent of vertical turbuler;ce was represented
by a rolling gust acting on the wing as in NACS Report 1321, Reference 1.
The power spectral density of the rolling gust was given by:

2 _b
¢(f) = 8o _ (2.1 .]:) fRa.d[Secla
ROLL VL ‘1+.7§, 3 CPs

where b is the wing span and the other parameters are the same as for the
vertical gust spectrum. The assumed probability density distribution of
RMS gust velocity, og is defined by:

- 2

A P oR! P, 2 o
f(og) = Bl-.\/g_ exp -(Eﬂéj + ._0_2.\/ € exp - _55'
1" 1 2 n o

The turbulence parsmeters used for the B-52 study were:

Altitude Pl P2 bl b2
Counter lLow Level .80 .20 3.6 k.2
Cruise (30-40,000 Ft) .13 01 1.8 4.8

3.7.3.4 Stress Exceedances and Fatigue Damage

In the random turbulence enviromment, stresses are described statis-
tically. A useful description is the stress exceedance function M(f3) which
is the mumber of times (per unit time) the random stress £ will rise above
the level £ = i + fgeane For Gaussian random stresses, only two parameters
are required to calculate M(f). These are %¢/%g (RMS variation of stress,
ﬁf from its mean value for unit RMS gusts) and op/ g (RMS variastion of
S for unit RMS gusts).
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C
This equation was evaluasted numerically for the IAMS B-52 analysis.

3.7.4 Performance Sensitivity Analysis

The ILAMS-FCS performance sensitivity analysis consisted of three
segments; performance definition or initial handling quaiities studies,
sensitivity analysis, and failure analysis. The total analysis was con-
ducted with the analog computer mathematical model simulation described
in Section 3.2.4. The longitudinal and laterai-directional axes systems
wvere studied independently at the three IAMS flight conditions.

3.7.k.1 Performance Definition Study

The performance definition study was an initial evaluation of the
IAMS-FCS handling qualities. Aircraft transient responses were recorded for
discrete gust inputs and step and sinusoidal pilot commands. Parametric RMS
and exceedance count data were obtained for actuator hysteresis variations
and RMS vandom gust variations. The random turbulence data was furnished to
Honeywell by Boeing, on magnetic tapes. The data included Kussner lift
growth effects and transport delays.

3.7.4.2 Sensitivity Analysis

The sensitivity analysis utilized one basic forcing function: a
4 ft/sec random gust. Variaticus were made in modal coefficients, mode
natural frequencies, and IAMS-FCS filter time constants to determine the
sensitivity of RMS stresses, RMS accelerations and exceedance data at
selected aircraft locations to the variations.

3.7.4.3 Failure Analysis

The failure analysis consisted of two segments: open failures and
hardover failures of actuators and sensors. The open failure analysis was
conducted with a 4 ft/sec random gust disturbance; no external disturbances
were included in the hardover failure analysis. Open failures were evalu-
ated by observing effects on the RMS stresses and RMS pilot station
attitudes and stability from time history data.

3.8 IAMS Longitudinal FCS Design Modification

Initial flight test data indicated that the IAMS Longitudinal FCS
was not functioning properly since the stability margins for the first and
sixth structural modes were considerably lower than predicted. The B-52
mathematical model was upgraded to include: spoiler 1lift growth functions;
and modified free vibration mode damping values to that equivalent t5 the
aircraft as obtained from ground vibration testing.
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. Stability data was recalculated using the revised math model for
' the free aircraft and the nominal gains IAMS-FCS configuration. Fredicted
' first and sixth structural mode damping values were similar to the experi-
nental data. The LAMS-FCS design was then modified to obtain the required
predicted stebility margins and new data was calculated to assure that the
structural performance was not degraded. Desigr modifications were re-
stricted to the spoiler lcop rate and displacement gains.

[

[ R

T

64

Mﬁﬂmﬁ 1)

[T Nty




I My, W S % sy

*g 4.0 SYSTEM PERFORMANCE
4,1 Introduction

Section 4,0 contains the theoretically evaluated performance of the
Baseline SAS and the LAMS-FCS. Predicted safety analysis data is given in
Section 4.2, handling gqualities data in Section 4.3, structural performance
data in Section 4.4, analog computer sensitivity studies in Section 4.5, and
the revised LAMS-FCS presiicted stability data in Section 4.6.

4.2 Safety Analysis

o~y
R —

2.1 Results of Stability Analysis

Aediik

The objective of the stability analysis was to insure that the
Baseline SAS and the LAMS-FCS meet the stability requirements of at least
10 db gain margin and@ €0 degree phase margin.

N

- %.2.1.1 Baseline SAS

The Baseline SAS provides augmentation to the longitudinal, lateral,
and directional axes. The Baseline longitudinal SAS increases short period
damping, the Baseline yaw SAS iucreases Dutch roll damping, and the Baseline
roll SAS improves aircraft roll response for fly-by-wire pilot cormands.

The Baseline SAS meets all stability and handling quality requirements.

NEYTICICATINWVR NP RPN N WY S

4.2.1.1.1 Longitudinal Axis (Symmetric)

The Baseline longitudinal SAS is gain stabilized with all gain
margins greater than 2C db. These stability margins exceed the specified
minimum requirement of 10 db gain margin and * 60 degree phase margin.
Minimm gain margins at worst phase conditions are 6 db for the short
period mode and greater than 20 Gb for the structural modes.

N\ pevay e mee wa s

Figure 23 shcws gain and phase root loci for the short period
mede and Figure 24 shows root loci for tne sixth structural mode that is
most strongly coupled with the Baseline pitch SAS. Other structural modes
are not shown since they show little movement. The root loci shown per-
tain to Flight Condition 1 but are typical of all three fiight conditions.

Figure 25 shows the effects of the Baseline SAS on aircraft
transient response to a control column step input for Flight Condition 1.
This curve shows the elevator deflection due to SAS feedback and the
vesulting increased damping of the short period oscillation. The pitch
rate and normal acceleration responses shown are at Body Station 820.

W pawi b e reASA (AR oW o e w5« e

Figure 26 shows the frequency responses and Table VI  the
eigenvalues of the Baseline pitch SAS for the three fiight conditions
analyzed.
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TABLE VI
BASELINE SAS LONGITUDINAL EIGENVALUES
FREE AIRPIANE DATA AIGMENTED AIRPIANE DATA
fiode Root ILocations ¢ “n Root locations 4 N
fn fu
LIGHT CONDITION 1
=le 't p . 3 2.52 - .1 -t j . . & 3.0
SE 1.08 £ 2,28 48 252 2.16 * j 2.08 e 5
- .98 £ j 6. . 6.7L . 98t ;6. . 6.7
1 98 t j 6.65 146 1207 98t 3 6.64 146 107
FLIGHT CONDITION 2
P - J 76 % 5 1. . 1.83 -1.53 % j 1. . 2.1
S 76 £ § 1.65 14;5 291 1.53 * j 1.43 73 pey
1 - .82i 36,00 .35 69 . .83%j6.0 136 6.1
J 35 .96 3% 5 3 o7
FLIGET CONDITIOHN 3
o - o * . . 2.19 - + 3 . . ao6
2P ™ £ j 2.06 338 348 1.8% £ 51.83 71 Wik
S mts6@ 05 86 - piiess a0 67
1 70 £ j 6.62 105 108 70 £ § 6.65 105 1207
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4.2.1.1.2 Lateral Axis (Antisymmetric)

Yaw SAS and roll SAS gain and phase margins at the three flight
conditions exceed minimum requirements of 10 db and * 60 degrees. Specific
stability margins for the various modes are tabulated in Tables VII
and VIII. The Dutch roll mode has a minimum gain margin of 14 db and a
minimum phase margin of 70 degrees. These margins occur at Flight Condition
1. Each of the first 11 antisymmetrical structural modes has at least a
30 db gain margin and 180 degree phase margin. At the worst phase condition
each structural mode has at least a 12 db gain margin.

Figures 27 and 28 show gain and phase root loci for the Dutch
roll and first structural modes, respectively. Other modes are not shown
since their coupling with the Baseline yaw SAS is insignificant. Root loci
shown for Flight Condition 1 are typical of all three flight conditions.

Figure 29 contains the Flight Condition 1 gain and phase root
loci of the roli mode for the roll SAS with nominal yaw SAS. Movement of
structural modes is insignificant.

Rudder, yaw rate, and side acceleration responses to a step dis-
placement of the rudder pedals are shown in Figure 30 . Increased damping
ol the Dutch roll mode and the corresponding rudder activity are the signi-
ficant SAS =ffects shown by these curves.

Figure 31 shows the effects of the Baseline SAS on aileron
deflection, roll rate, and bank angle responses to a step rotation of the
evaluation pilot's wheel. Significant aileron activity is required to
attain only sm2ll improvements in roli rate rise time and bank angle,

This results from the fact that the spoilers, which overshadow the ailerons
in roll authority, are not included in the Baseline SAS loop.

Figures 32 and 33 show Baseline Yaw and Roll SAS fregquency
responses for Flights Conditions 1, 2, and 3. The Yaw SAS contains both
washout and rolloff filters and the roll SAS contains a rolloff term and
a 1.9 cps notch filter in the forward loop. The notch filter reduces
the pilot's wheel command gain at the second antisymmetric (wing bending)
mode frequency. The eigenvalues for the lateral axes are shown in Table

IX.

4,2.1.2 LAMS Flight Control System

The LAMS-FCS provides augm@ntation to the longitudinal, lateral,
and directional axes. The system was designed to increase the damping for
rigid bedy mction as well as alleviate aircraft structural loads. The
LAMS-FCS meets the stability requirement with one exception. The spoiler
loop at Flight Condition 3 for the longitudinal axis exhibits a 52 degree
phase margin at 7.7 radians per second, as noted in Figure 34 and Table ..
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TABLE VII
BASELINE

YAW SAS STABILITY MARGINS

3 MINDMUM GAIN
f FLLgrfs GAIN MARGIN PHA%E VARGIN | MARGIN AT %ORST
GHT MODE 10 db *60° PHASE COMDITION
COMNDITION REQUIRED) REQUIRED) (STRUCTURAL
MODES OHIY)
1 Dutch Roll 14 db ——
1 1st Struct. > 30 db +180° 12 @b
1 Struct. 2-11 > 30 db *+180° > 18 db
2 Dutch Roll 16 db —
5 2 1lst Struct. > 30 db +180° 12 &,
2 Struct. 2-11 > 30 db +180° > 18 db
‘ ' 3 Dutch- Roll 16 ab ---
]
3 1st Struct. > 30 db +180° 12 ab
( 3 Struct. 2-11 > 30 db *180° > 18 db
/
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TABLE VIII
BASELINE

[V . L S s A e e =

AT SR 5 ST A Db

“ . ] [
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{ ROLL SAS STABILITY MARGIHS
{ MINTMUM GAId
TAMS GAIN MARGIN | PHASE MARGIN | MARGIN AT WORST
FLIGHD MODE (10 ab (x60° PHYASE CONDITION
: CONDITION REQUIRED) REQUIRED) (STRUCTURAL
MODES ONLY)
i
; 1 Roll 31 db *180° -
: 1 Struct. 1-11 > 45 ab +180° > 36 db
2 Roll 36 db +180° -
: 2 Struct. 1-11 > b5 ab 180 ° > 36 db
3 Roll 33 ddb +180° ---
H
! 3 Struct. i-11 > 45 db +180° > 36 db
1
i
%
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TABIE IX

BASELINE LATERLIL~-DIRECTIONAL EIGERVALIES
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21 NRARIVTIC T TIACTAS SARI ST A ot PSR WR R AT

l FREE AIRPIANE DATA AUGMENTED AIRPIAIF DATA
% Mode Root Locations z Yn Root ILocations { r "i‘-’n
! fn i " B
E FLIGHT CONDITIOR 1
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L ] 802
1 - .63 % j8.33 076 2 gg - .80 £ 3 8.2 .098 1.30
FLIGHT CONDITION 2
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1 -5kt §7.82 .069 I.zh - 0% 3 7.7 oor 1L
FLIGHT CONDITION 3
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TABLE X

LAMS-FCS

SPOILER LOOP MARGINS - LONGITUDINAL AXIS

e BT R RPN PN r ey

FLIGHT CONDITION 3

T wET

CRITICAL GAIN MARGIN PHASE MARGL GAIY MARGIT
FREQUENCY AT NOMINAL AT NOMIRAL AT WCRST
(RAD/<EC PHASE (DB) GATN (DEG) PHASS (DB)
4.5 173
6.7 Unstable 7.0
7.7 52
11.7 10.6
14.3 3.h
17.5 ¢.0
31.k 15.8
39.k 25.5
42.2 22.5
42.8 22.3
51.6 36.1
4.0 20.8
65.7 20.3
85.0 32.5
96.3 32.5
1£i.5 25.8

B
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4.2.1.2.1 Longitudinal Axis (Symmetric)

The stability analysis results for the spoiler loops are not for
the final spoiler configuration. The equations used included LAMS spoilers
but did not include the spoiler loop gain changes to provide prover surface
to structural mode phasing as discussed in Section 3.8. This improper
phasing was the result of an incomplete math model with respect to spoiler
aerodynamics. The revised math model and final system configuraticn had
adequate predicted eigenvaluc =cuatiors presented in Section 4.6 and would
yield similar results to that presented in Tables -~ through Nili.

Figures 35 through 37 are the Bode plots for Flight Condition 1.
The plots are typical of Flight Conditions 2 and 3 except for the spoiler
loop of ¥C-3 noted above, and are presented in Appendix B. The minimma
gain margin is 10 db at 61.6 radiens per second for Fligh% Condition 1
aileron loop. The longitudinal axis FCS has at least 10 db gain margin
at worst phase for all modes above 69 radians per second.

Eigenvalue comparisons of the free aircraft and LAMS-FCS configu~
rations are presented in Tables XIV through X’'T aund show frequency and
damping for each of the analysis roots.

4,2.1.2.2 ILateral Axis (Antisymmetric)

The stability analyses conducted indicated that th~ lateral axis
met the minimm fiight controli system design criteria. Typical results
are presented in Tables XVI1 and XVIII, and Figures 38 and 39 for Flight
Condition 1. The results for Flight Conditions 2 and 3 are presented in
Appendix B.

The data shows that the minimum phase margin at nominal gain is 86
degrees for the rudder loop of FC-2 and 3, and the minimmm gain margin at
nominal phese is 17.7 db for the aileron loop of FC-1. Also, the system
has greater than 10 db gain margin ..5 worst phase for frequencies above 28
radians per second, and all structural modes are gain stabilized.

Eigenvalue compariscas of the free aircraft and LAMS-FCS configu-

rations are presented in Tsbles XTX <throvgh XXI and show frequency and
darmping for each of the analysis roots.
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TABLE XI
LAMS-FCS
BLEZVAT(GR LOOF MARGINS - LOIGITUDINAL AXIS

TP

FLIGHT CONDITION 1

CRITICAL
FREQUENCY
(RAD/SxC)

GATH MARGIN

AT XNOMIJAL

Fasst  (DB)

PHASE MARGIN
AT HCYINAL
GAIU (DEG)

ALY MenGId
AT %ORST
PHAS: (Di)

e »

; 7.6 11.1

: 11.8 17.6
12.6 18.3

] 1.k 15.5

B L TS U PP

18.9

9.2

-
e
L)

Lty

25.0

20.0

’..‘
-:l
=

30C.4
7.5 250

22.7
1i2.0 23.9

A——— R S i

36.3
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TABLE XI1

LAMS-FCS
AIIERON JL.OOP MARGINS - LONGITUDINAL AXIS

FLIGHT CONDITION 1

CRITICAL GAIN MARGIN PHASE MARGIN®* GAIN MARGIN
FREQUENCY AT NOMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASE (DB) GAIN {DEG) PHASE (DB)
11.8 1k.3
12.6 16.2
1h.h 7.2
18.8 k.7
21.b 10.9
22.3 13.8
3L.2 41.2
36.2 28.4
%0.3 22.0
59.4 6.1
61.6 10.0
86.3 18.4
117.0 0.0

*System is Gain Stabilizied

RN

PRV




1

i

P e

PR S S

+-

| 1

» . H
Ql.ivlnnﬂlxq e e - . - -

) 1

FLIGHT CONDITION NOQ. !}
LONGITUDINAL AXIS

LAMS ~FCS ANLERON LOOP OPEN

OPEN LOOP FREQUENCY RESPONSE (G#IN)

R A it

Kb o i b ot v dis o el

IHA o AN S ] YT 3 g2 R AL

A e

—~FCS AILERON LOCP OPEN
FLIGHT CONDITION NO. I
LONGITUGINAL AXIS

#00 200
OPEN LOOP FREQUENCY RESPONSE {PHASE)

50
o ~ (RAD/SEC)

+200
o

S0
w ~ (RAD/SEC)

FIGURE 36
88

P R N N L T T A Ty PP LR T




AV pm

€ 1T A NI AT NS ST AT

e s

PRIV

BRI A

TABIE XIIT
LAMS-FCS
SPOIL:R LOOF MARGIRS - LONGITUDIMAL AXIS
FLIGHT CONDITION 1
CRITICAL GAIN MARGIH FHASE MARGIE#* GAT: MARGT
FREQUEHCY AT HNOMIHAL AT NOMINAL AT WORST
(RAD/SEC) PHiSE (DB) GAIY (DEG) PHASE (DR}
3.5 151
6.3 Unstable L.,1
7.3 TL
11.6 3.8
1k.1 5.2
17.6 2.2
21.6 5.3
30.2 12.8
357 20.0
35.8 2.1
b7.7 3.6
9.7 19.4
60.1 1.k
81.2 2.2
91.6 31.2
109.1 2.7
122.5 37.1
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TABLE XIV
LAMS-FCS LONGITUDINAL EIGENVALUES
FLIGHT ZONDITION 1
FREE AIRPLANE DATA AUSMENTED ATRPLAHE DATA
Mode Root Locations 2| % Root Locations Z [ pico
£ * [ @
SP 108§ 2.28 28 2% L5722 .565 ng
i - .98 ¢ 5 6.65 146 fg% - JBh gy 7.65 -109 Z;{g
2 - .67 £ j12.00  .056 1?:8? - .62 % 312,08 .051 1§;3§
3 - Wbkt 512,68  .035 lg:gg - Wbl E 512,70 .0325 12:32
& - .60 * jik.65 .01 lg:gz - A8t k.72 .033 lg;gﬁ
5 1.2 % k88 086 100 1ab sz w082 1303
6 L9 E g6 w095 WTL 318908 ae 12
7 - .k % 519.68: .038 lg:fg - WL E 519 .037 lg:g;
3 S1.82 % j21.53 085 2;:’;2 136+ 52173 w063 113
3 2.42 * §33.56 072 3;:;? -2.k8 £ j33.37 OTh 32:33
10 -Less3636  ois 36X asergeas oy XX
1 1.b  37.62 030 3;:;‘; Lk 2 3763 w030 316
12 -2.21 * j39.83  .055 32:23 -2.23 % y9.0 w056 3%
13 -7.98  u5.72 .72 ‘*g:‘;g S7.76 £ 5.6+ 163 'ﬂ?:g‘g
ih -1.80 £ j57.05  .032 5;:83 -1.79 £ §57.09 .031 5;:82
15 205 ¢ 35935 0% FH w802
16 k.90 £ j61.59  .080 G;Zg? -5.05 * 36L.3b .082 6;:23
17 4.00 t jh.TL 062 f(;:gé 4,18 * 36:.22 065 ﬁ;g‘i
18 -4.38 * j83.56  .052 ?g:gg -4.05 * j83.65 .048 ?g:gg
19 -5.42 ¢ 388.16  .06L gﬁ:ég -6.18 £ j88.10  .070 ?ﬁ:g‘l’
26 872 ¢ 9ha16 003 N1 .06k g3y wom K3
21 45T k86 o8 2086 g o0 BTO
22 413 ¢ 93,38 036 1133 395 n3.35 o035 13D
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TABLE XV
LAMS-FCS LONGITUDINAL EIGENVALUES

VT RYrRT ¥

,w.
eer A -,
e AT

FLIGHT CONDITICH 2

5 _‘ FREE AIRPLANE DATA AUCMENTED AIRPLANE DATA
f Mode Root Locations C ;’v Root Locations z
. ny
= SE - 6% 51.65 WM1S 12? L8t 179 .637
1 - .82t 56.00 .135 ?523 - .68 % 37.03  .097
2 - .66 % j11.6L  .057 li:g; - 6L % 311.72 052
3 - U1+ 312,66 3R 12:?{ - 40t j12.65 .03
4 - .89 % ;14.00 .06k 1;:22 - .85 % jib.hb .059
5 - .56 £ 314.73  .038 lg'gg - .56 £ j14.67 .038
6 -1.08 * j16.b%  .066 12:22 -2.35 £ j17.1%  .136
; 7 - .69 % j19.61  .035 13:?% - .60 * j19.52 .031
: 8 -1.30 * j21.35  .058 2;:2(5) - 79 * 32149 .039
; 9 -1.01 £ 3j33.15  .058 32:;3 -1.92 * 3§33.10 .038
§ 10 -1.41 % 336.27  .03) 3?:72; -1k = 336.32 .040
; 11 -1.13 * j37.62  .030 3';:;"’-; -1.13 * 337.63 .030
‘ ; | 12 -1.80 * j39.87 .05 32:3'57 -1.95 + 339.91 .04
13 -5.48 £ :44.85  .121 “gzgg -5.52 * jhh.75  .122
: ; h -1.77 * §57.05  .03L 5-';:33 -1.80 * 357.05 .032
| 15 195+ 5965 033 F  p:iee o8
4 16 -3.46 * j&2.01  .056 6;:82 -3.76 £ j62.06  .061
| 17 -3 £ 36573 w052 T3 3s 6525 053
P 13 -3.57 * j83.82  .0U3 ?g:gﬁ -3.36 * j84.05  .OkO
: 19 -4.52 * 389.11 .05 gﬁ:i% -5.15 * j83.64 .053
] | 20 4,88 * j94.03  .052 ?ﬁ:g; -4.50 +3193.82 .ok8
; ' “ -5.88 £ j96.36  .062 ig:gg -5.79 £96.64 .060
é 2 -3.89 £ j1i3.L9 .03k %g’ag -3.70 = j115.48  .033 i3
E | §
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TABLE XVI

LAMS-FCS LONGITUDINAL EISENVALUES
FLIGHT CONDITION 3

g A Lo S

FREE AIRPLANE DATA

AUGMENTED AIRPIANE DATA

Mode Root Locations c o, Root Locations ¢ i'fn_]
2 :

SP - b £ §2.06 .338 231%593 -L.L7 £ j 2,11 571 i}ii

. on 6.65 - 7.86

1 -0t j6.6 .05 P12 - .67%57.86 085 l,;;g
) _ ‘ 11.92 12.

o - .57 * 31.1-92 -0’48 Ll.?‘z - ‘53 x jla‘oh .Oll)* ]io%
} 2. 2.

3 - oho i 312.66 0032 12‘01 - tu'o i 312'@ .032 2002

I - .9 % j1b48  .055 lg:% - 88 % j15.00 -0539 LZ:;%

15.26 I 15.1%

5 - .6l % 31526 .0b0 200 - .52 % §l5.b 034 ERX]

6 -1.13 * j17.47  .065 lélf,g -2.91 * 519.49 b7 lg:;’i

. I.L

7 - mrges 0% N - .m0

8 -1.37 £ j2k.30  .056 21;3? - .86 t joh.17 .036 22;;;{
....)

9 -1.96 £ j35.6¢ 055 3;:?2 Lok g3k3 055 PTG

10 -1.31 % 337.48 .035 3;(;2 ~1.29 * j37.16 034 3;”;2

11 L6 3770 .03 SLd0 -lae g wom LT

12 -2.00 t 342.57 .07 l‘%:?fg -2.03 * j42.66 Kot hz:g(,é

) 47.55 ) . . L7.46

13 L.65 + JU7.55  .098 7.57 k.58 * jh7.46 097 7455

1% -1.79 ¢ j58.08 .031 ’/:ég -1.81 % j58.09 031 53:23

15 -3.84 * j63.29 NolSH gg:gg -3.50 £ j63.69 -055 fg:%?-

. . .60 65.37

16 -2.66 * jO:.60  .OW1 2‘8'22 -2.62 * j65.37 -0ko 20.1;2

X . TG

17 ~2.64 % J68-62 .032 52'92 -2.59 % 367‘96 '038 30.80

. o .90 ; \ 7.00

18 -4.29 £ j86.90  .Okg 3, kg * §87.00 .08 (o5

19 -3.96 £ j91.13  .O43 Zﬁ:;g -+.36 1 j90.97  .0b8 22193

, ~ 96.T8 96.7h

20 -6.0T £ j96.78  .062 5.0 9+ * JO6.Th -061 15.40

21 -4.10 £ j105.80 .039 l?g‘gg 4.31 % j105.66  .Oh1 l‘{ggg

22 -3.77 + j117.46 .03 l;fg:l.;g -3.68 2 j117.47  .031 l{gf',}’,
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’ 1 TABLE XVII
! LAMS-FCS
: RUDDEZ LOOP MARGINS - LATERAL-DIRECTIONAL AXIS
FLIGHT CONDITION 1
CRITICAL GATH MARGIN PHASE MARGIN GAIY MAGTH
FREQUENCY AT HOMINAL AT HOMIMAL AT UCRST
(RAD/SEC) PHASE (DB) GAT (DEZ) PHASS {DE)
1.7 93
901 e \,J
lLQl 2006
13.1 21.3
lh’ 08 19'9
i7.2 17.1
26.2 3:’3
27.9 33.9
' 39.7 28.5
k0.9 27.%1
) 5806 2903
81.0 X749
t 81.6 15.0
i
i
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TABLE XVIII
LAMS-FCS
: AILERON LOOP MARGINS - IATERAL-DIRECTIOMAL AXIS
: FLIGHT CORDITION 1
;
CRITICAL GAIN MARGTH PFASE MARGIN® GATH! MARGTIl
. FREQUERCY AT HOMINAL AT NOMINAL AT TORST
: (3AD/SEC) PHASE (DB) GATH (DEG) PHASE (DB)
6.3 21.8
! 3.5 25.0
12.0 8.2
E 16.0 1707
: 20.5 11i.1
25.4 9.3
1 : 32.6 18.2
38.9 45.5
1.1 18.8
41.9 18.3
56.1 ik.9
72.8 17.7

TR

iaabiatl,

%System is Gain Stabilized
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%, TABLE XIX ;
I; LAMGS-FCS5 LATERAL~-DIRECTIOMNAL SIGENVALUES .
4 FLIGHT CONDITIOX 1 i
; FREE AIRPLANE DATA AUGMENTED AIRPLIANE DATA
i ; Mode Root Locations ¢ n Root Locations ¢ Wy
n '

DR -072 ¢ §1.37 .053 L:37T  _ 38 ji1k0 0 .26 0 14

0218 ¢C3¢'.

l - e i 3 8- . 5 8.33 - ., 3 80 ll’ .08 8.3h

63 * ; 8.33 076 1.33 69 * jd.3 3 1.23

2 - 7Lt j11.88 .0 1.8 _ gy + ji2.2 .06y 1227

Lty o e ji2.27 b e

3 - 1% §12.8% .03 1§~gt - .4 # 512.80 o3 12.86

i -1.73 * 312.85  .133 12-82 -1.64  j12.64 125 .13

5 - .85 % 16,41 .052 1681 _ 3i s 516,43 051 16.h2

2.61 2.5¢

-2.10 * j16. a2k 1690 5 g3+ s16.145 .11 16.55

6 10 * j16.76 124 2.69 1.83 £ 516.h3 114 2.5

-1.63 * j19.7%  .083 19T i35+ sio4 194k

7 63 £ 319.7 083 3.14 1.35 % 519 070 3.10

J1b1 ¢ 21.05 070 2105 _3.gy & 1. . 21.27

3 1.5l * 321.0% 070 35 1.69 * j21.37 079 B-Aé

-1.05 * =25.33 . 25.33  _1.00 + 0. . 25.65

3 1.05 ¢ 25.32 o1 -3 1.22 * §25.66 o043 R

D 3 1-26 o5 + = 3 .3f

10 -2.78 * j21.26  .089 3h.98 -2.79 * 331.36 .036 i.gj

11 -1k £ 526,76 .031 3676 _i.1k £ 336.77 231 36.77

5.85 5.35

12 -1.19 * 337.30 .02 3;-;2 -1.20 * 3j37.29 2032 3.

Y D’;"J

-? =Oe i j o’\ . 6 38'h0 -’o i j 3 . 35.6:)

13 6.45 * j38.26 168 611 65.51 £ 338.13 169 2

14 -1.57 2 j39.32  .oko 39:32 1.6 33936 .oke  39-36

6.25 6.26

5 -1.35 + j43.21 . b3.21 ;3o 2 ju3. .ob2  B3.0%

15 5 43 o043 6.57 1.32 £ k3,01 oL G 3k

-3.33 % $49.07 .08 4907 _z.97 s juo. 060 ¥9-35

16 233 % 3 7 68 7.80 2.97 * ju9.36 080 225

-4.05 £ j57T. . ST7T .9 * j56. . 56.8it

17 4.05 £ §57.77 070 9.20 149+ 556.84 o739 /9.0L

) B o &-12 . =4 Y . - @#-Bh

18 Y.77 £ j64.12 Ok 020 -b.56 £ j6u4.3L 071 o5

<k .l.’o + . - . 6 67982 _h. 9 + 5 .7 . s 67.?1

19 i j67.8¢ 065 10.80 i 367.71 065 10.73

2 -3.05 * ;72.2 ou2 12.25 -3k 371, Ok TL.77

0 3.05 * ;72.25 o4z e 4 57177 S ERN

. ; ; i+ 81.0% a = X ~z 31.04

= -3.20 = 3381.04 O -2,59 £ 381.0L G3=z
1 3.30 = 381 1 lsio 59 * 381.0 03 e
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TABLE XX

LANS-FCS LATERAL-DIRECTIONAL EIGENVALUES

FLIGHT CONDITION 2

FREE AIRPIANE DATA

AUGMENTED ATRPLANE DATA

Mode Root Locations C ?2 Root Locations c ;’g
R ~oM #3108 .o 4O - uastjio6 s pd
1 - .5kt 37.82 .069 1:2,3 - .56 % 3 7.80 -072 Iﬁgﬁ
2 -1.20 £ j10.79 .11l 12:% -1.19 £ §10.18 .10 12:%
3 - .62t 312,29  .050 lfjé% -.@tpe33 o0 3'31
4 - 1% 512.85 .03 l‘g:gz - 43+ 512.86  .033 12.2!?
5 142 £ §15.98  .089 12:953 -1.33 % s o8 12T
6 - .73 % j16.64 .ok 122; - .67 * j16.63 -0ko 1323
7 -1.22 * J19.56  .062 lgf’_g -1.11 * g19.h7 057 13:’{5’
8 -L.06 £ 2119 w050 P ala7tgenz .05 %
9 - .94 * j25.46  .037 22:3? -1.02 = j25.61  .0ho 215;:3}(
10 2.0k + j30.85  .066 3,‘::8; -2.07 * J30.86  .067 32:35
n b6 % g36k1 127 0T ety s 3680
12 -1.13 * j36.77  .031 3?;; -1.14 + j36.78 -031 3? ;3'?
13 116 ¢ g31.30 w031 O3 a6 3729 om 33
1 -Lbs £ 339.25 037 R -Lu3%3.23 .03 323
15 -1.66 * $#43.15  .038 “g:g?, <1.62 * j43.17  .037 "Z:é:,’
16 -2.57 £ 49.07  .052 "g:g;’ -2.51 + jh9.25  .051 hggz
17 -3.18 * j57.44  .055 5;”3 -3.26 * j57.28 -057 53 ?g
18 -3.70 + j65.31  .057 fg.% -3.65 * j65.31  .056 f?:io
19 -3.57 * 367.95  .052 f;’;g,’i -3.59 * 367.88  .053 %Zg?
20 2@ty 0B TR 2mimee .0 ﬁ?};
21 -3.00 * j81.21  .037 %ﬁ; -2.60 ¢ j81.30  .033 %:gg
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TABLE XXI
LAMS-FCS LATERAL-DIRECTIONAL EIGENVALUES

FLIGHT CONDITTON 2

FREE AIRFLARE

DATA AUGMENTED ATRPLANE DATA

Mode Root Locations r }’2 Roct Locaticns g f:l
DR -.0u8 £ 5 1.2 .03) li§$ - Wbl 51026 -309 %;23
1 - A7+ 5828 .057 ?:;g - .51 % 58,19 -062 §;§3
2 - .85 % 4155 Lo7h 1h20 - .99 jlle0 085 1;;22
2 - 75 % 12,53 we0 233 . oshx gasy ok Hf
b - A5 % 512,91 035 12:32 - .33 % ji2.95 -0k1 lj:gg
5 - 76+ 5648 b 6 g nigaz oy 62
G .56 £ ji7.86 w087 86 e qrr Lo ey
T L5Eaess ey U sgsm w6 1T
8 - .90 £ 322,31 .039 2;:2& - B x gzl 037 ‘;:é;
19 -2.04 * 321,90 .08k 3;:3? -2.05 £ j31.96 .06k 3;:3?
11 -1.13 * j36.87  .031L ?g:g; -l.14 % 536.86 -031 3;:3?
1 116 37,38 oxt ¥ e om T
13 402 % 538,77 .03 00 ko3 x a7 o5 A
i L35 LR 0m Mpl s gz Lo pE
5 203t s o 20 a8 e s a3
16 -2k % y5L78 053 3D c.é0® gsear oso g
17 -3.6h * 365.22  .056 fg:;g -3.50 * j65.09 .038 fg:gz
18 -3.93 ¢ 367,14 .08 fg:ég -3.72 * 367.33  .053 fg:$§
15 -2.3h £ 512,25 .03) {i:gg -3.02 £ 57181 .Okz Z;:Si
0 -2.98 * j80.95  .037 ﬁg;gg -3.00 = g8L.21 L0371 ?2:52
21 -3.66 * j85.13  .043 ig:;; -3.k6 % :35.51 -0kO ?2:23
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4.2.2 Flutter Analyses Results

The objective of the flutter analyses was to insure that the air-
craft with hydraulically powered controls, Baseline SAS, and LAMS-FCS have
an adequate flutter boundary for the intended LAMS test vehicle useage.

4.,2.,2.1 Basic Aircraft snd Baseline SAS

The results of these analyses show a wing-body mode at approximately
3.2 Hz in the antisymmetric axis tc be the most critical with respect to
flutter. However, this mode clears the aircraft design envelope with the
equivalent aircraft structural damping included. Based on the results of
these analyses, the basic aircraft with hydraulically powered controls and
Baseline S4S does have an adequate flutter boundary for all altitudes, gross
weights and airspeeds up to and including the maximum airspeed for straight
and level flight (400 KEAS and Mach .90).

4,2.2.2 LAMS-FCS

As discussed in Section 3.7.l1l.2, two aircraft gross weights (350
and 270 KIPS) were analyzed for flight condition one, and two gross weights
(270 and 241 KIPS) were analyzed for flight condition three. The results
of these analyses are as follows:

o Flight Condition 1 analyses indicate that the aircraft with the LAMS-FCS
included has an adequate flutter boundary up to and including the air-
plane design speed (400 KEAS) at 10,000 feet or below for aircraft gross
weights from 350 to 270 KIPS.

e Flight Condition 3 analyses indicate that the aircraft with the LAMS-FCS
included has an adequate flutter boundary up to and including the maximun
straight and level Mach .90 at 32,700 feet for gross weights between 270
to 2h1 KIPS.

The parametric studies accomplished during this program (with
respect to the longitudinal, lateral, and directional control system
stiffness, aileron and rudder actuator dynamics, and the non-linear
aileron'hinge moment.) showed no significant effect to the flutter
boundaries noted above. The analyses conducted for the 270 KIP con-
figuration *rith the revised LAMS spoiler configuration using oniy
parels 1, 2, 13, and 14 indicated no significant change in flutter
boundary. Threrefore, the LAMS-FCS is considered to be flutter cleared
for the configurations noted above.

4.3 Predicted LAMS Handiing Qualities
4.3.1 Aircraft Response Predictions

The predicted Dutch roll handling qualities for the Baseline SAS
and the LAMS flight control system are shown on the criterion plot,
Figure 9. These values are those obtained from a 24 degree-of-freedom
model. The predicted dynamic characteristics of both systems are within
the design requirement and represent a significant improvement over the
basic aircraft.
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® 3.5-6.5 unsatisfactory operation

Short period characteristics are indicated on the criterion plat,
Figure 8 . The Baseline SAS is essentially equivalent to the basic air-
craft. The LAMS-FCS margirally degrades the short period handling qualitiecs.
Altnough at Flight Condition 3 the LAMS-FCS is not within the desired oper-
ating region; it is still within the acceptable arra. In all instances,
the short period damping ratio exceeds the minimm specified valus of 0.40.

Predicted values fozr the roll time constanc are listed in the
table below:

ROLL TIME CONSTANT - SEC.

FLIGHT mSIC | BASILINE LAMS FLIGHT
CONDTTION ATRPIANE | sas CONTROL SYSTEM
1 1.05 1.07 1.16
2 1.05 1.05 1.70
3 1.36 1.33 >.50

Predicted spiral mode time to half amplitudée for FC-1 and FC-3
were 252 seconds and 506 seconds respectively. Time to double amplitude
for FC-2 was 258.5 seconds.

4.3.2 Simulator Predicted Performance

With three test subjects per configuration, the flight simmlator
was used to investigaste effects on Baseline SAS and LAMS-FCS performance
for turbulence intensity ranging' from light turbulence (rms = 1 ft/ sec)
to heavy turbulence (rms = 10 ft/sec). A range of gains were included to
see if the SAJ gains would effect the handling qualities appreciably. The
data obtained fram the study is presented in graphical form, Figures 40
through 45 and in Appendix C. The ordinate of these graphs is the Cooper
rating categorized into three general regions of operation.

e 1-3.5 satisfactory operation
acceptable operation

e 6.5-8 unacceptable operation

The abscissa depicts the SAS gain in terms of the nominal gain. At the 100
percent gain level the longitudinal, lateral, and directional SAS‘'s are all
operating at their naminal gzain setting. There is some scatter in the data
which can be attributed to a learnming curve effect. For exsmple, during
t.e earlier .runs of each flight condition, the pilot may not have become
completely accustomed to the simulator or the systems being sirmlated. A
different run schedulc was utilized for each pilot to minimize this effect.
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It should be pointed out that the Dutch roll damping values which
are correlated tc gain levels in paragraphs 4.3.2.1 and 4.3.2.2 are those
obtained from a quasi-elastic analysis and may differ slightly from those
of the 2l degree-of-freedom model which is the basis for Figure 9

4.,3.2.1 ¥Yaseline SAS

Referring tc the data plots for the FC-1 Baseline SAS in:Figures 40

through 42 and FC-2 and 3, Appendix C, it is noticed that there are very
minor changes in pilot rating with a change in directional Easeline SAS
gain for 211 three flight conditions. This results because the lowest gain
points still give Dutch roll damping, {w, in excess of the recommended

value ot Lo = .35. Note that there is an appreciable change in the rating

due to the increase in turbulence intensity, but the ratings are still in
the acceptable regicn of the Cooper scale,

A variation of gain for the longitudinal Baseline SAS does not
cause any major change in pilot rating. This toc was zanticipated since the
B-52 has always had satisfactory characteristics in the longitudinal axis.
The basic aircraft characteristics are such that the frequency 1ift sensi-

tivity and damping ratio fall within the satisfac’ory region on the longitu-

dinal criterion plot. Note again the decrease in hendiing qualities due to
the increase in turbulence.

Changes in tateral Baseline SAS gains did not improve nor degrade
the a'rcraft handling qualities. This insensitity to change results from
two facts: the basic aircraft roll time coastant is not much greater than
one; and, as other investigations have shown, decreasing the roll time con-
stant 10 values less than cne does not improve the handling qualities.

4,3,2.2 LAMS-FCS

Plotted data for FC-1 in Figures %43 through 45 and for FC-2 and
3 in Appendix C, represents the handling qualities evaluation of gain
variations for the LAMS-¥CS. TFor Flight Condition 2, the directional
axis ratings are better at the nominal gain setting than for the unaug-
mented aircraft (i.e., gains equal tc zero). The Dutch roll damping
values for the low gain, nominal gain and high gain points are fw = .265,
.325,-and 467 respectively. Note that only the low gain point is appre-
ciagbly less than the recommended values of fuw = .35.

The data for Flight Condition 2 shows essentiaily ro change in
pilot rating for the gain variation selected. However, for this case the
values of {w for the low, nominal, and high gain points are .33, .23, and
.49 respectively.

The ratings for Flight Condition 3 show some variation with gain,

but not appreciable. Again, this can be compared to the damping values of
.265, 427, and .S47 for low, nominal, and high gain levels.
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Again ncte the effect of turbulence intensity. An increase in
intensity, from light to heavy turbulence, cavses a decrease in pilot
rating of approximately two. The effects of the LAMS longitudinal FCS
gains on pilot rating are essentially the same as the effects ot the

longitudinal Baseline SAS, i,e., the ratings are essentially unaffected
by pitch SAS gain.

Rather than evaluats only veriations in gain, three configurations
of LAMS Lateral ¥CS were investigated. They were: no roll augmentation;
s roll SAS with a feed forward and fezedback network which gives the same
roll response (due to a step wheel) as the basic aircraft; and a third con-
figuration (similar to the second except for a different forward gain)
which gives an improved roll response for small wheel inputs and improved
roll damping. As shown by the data presented in Figure 45 and Appendix C,

there is essentially no change in the pilot opinion due to any of these
changes.
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by Strictural Performsnce Predictions

The TAMS-FCS mcdified the B-52 loading in turbulence to achieve
reductions in tatigue damage rates, stresses, and accelerations. The LAMS
Flight Control Syste. *-1uced fatigue daimsge rates at the key wing stress
points by more than 1/3 with respect to the Baseline SAS. Also, of importance
is the fact that the structural loads were reduced throughout the airframe
and not just at the performance index stations. The ride quility at the
pilot station wes improved slightly, with the remainder of the fuselage
showing varying amounts of improvement cver its length.

~ SRR AR LT BRI, Ml resl]

AL M

A theoretical evaluation of the structural performance in turbulence
of the B-52 with LAMS Flight Control System included corputations cof RMS
shears, bending moments, torsirmsl moments, and accelerations throughout 3
the aircraft. Suabsequent performance was defined in terms at fatigue damag -
accumulation rates and peak stresses at selected stations and acceleration
power spectral densities at the crew compartment. The LAMS Flight Control
System is compared with the Baseline SAS and the B-52 without SAS.

e

The pervormance predictions were based on sixty-four degrees-of-
freedom mathematical models (32 symmetrie and 32 antisymmetric) plus control
surface actuator and SAS dynamics. Three components of random turbulence
were .ncluded; lateral gusts, symmetric vertical gusts; and antisymmetric
vertical (rolling) gusts. A time lag was used for the gust inputs to each
aerodynam: . tanel to describe the gradual penetration of the aircraft inte
the gusts. Approximated Kussner and Wagner 1lifc growth functions were iused.

The rms structural moment, "A", due to a unit rms gust is plotted
as a function of airframe station in Figures 46 through 5C . These figures
show that the LAMS-FCS is generally able to reduce the structural response
with respect to the Baseline SAS. The responses which show the greatest
benefit due to the LAMS-FCS are the wing vertical bending moment (20 per cent
reductions), and the fuselage vertical bending moment forward of Body Station
1050 (40 per cent reductions). Aft of this point on the fuselege the LAMS-
FCS causes increases in vertical bending moment.

Wing chordwise (fore and aft) bending moment and fuselage side
bending moment show 30 per cent reductions with respect to the NO SAS con-
figuration but show very little reduction with respect to the Baseline SAS.
Wing torsional moment shows an increased response with the LAMS-FCS on,

Airframe acc=leration responses are presented in Pigures 11, 12 and
51 . The LAMS-FCS clightly reduces the accelerations in the forward fuse-
lage with respect to the 3daseline SAS and the NO SAS cenfigurations. The
accelerations on the wing are reduced up to 10 per cent with respect to the
Baseline SAS outboard of W.B.L. 475 by the LAMS-FCS. Inbcard of this station
the acceleration level with the LZMS-FCS on is greater than the Baseline SAS
but is reduced with respect to the NO SAS configuration.

A power spectral density of the Body Station 172 (pilot's station)
vertical acceleration is presented in Figure 52 . The response levels are
slightly reduced by the LAMS-FCS.
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The results of the stress exceedance study are presented in Tables
XX1I through XXIV and in Figures 53 through 55 . The tables show that
the expected number of ultimate stress exceedances per hour and per year
based on tne mission presented in the Introduction are reduced by the LAMS
Flight Control Syste: with respect to Baseline SAS except for some tail
loads where the Baseline SAS is superior. The bargraphs, Figures 5% through
55 show peak incre-ental stresses (for an exceedance level of .00l per hour).
Expected wing peak stresses are reduced 16-33 per cent with respect to Base-
line SAS and 23-36 per cent with respect to NO SAS. Expected fuselage peak
stresses ar: reduced }-22 per cent with respect to Baseline SAS and 28-4C
per cent with respect to NO SAS. Horizontal tail peak stresses are 10 per
cent greater than Baseline SAS, but 10 per cent less than NO SAS, Expected
peak stress at Fin Station 135 are reduced 35-40 per cent by both Baseline
SAS and LAMS Flight Control System from the WO SAS condition.

The ratigue damage rates per year are presented in Tables I,
XXV, and XXVI and in ¥igure 10. The LAMS-FCS is shown to reduce the
fatigue damage rate 35 per cent at the wing stations with respect to the
Baseline SAS and 40 per cent with respect to NO SAS. Fuselage, stabilizer,
and fin show fatigue damage rate decreases of from 50 per cent to 85 per
cent with btoth the LAMS-FCS and Baseline SAS, compared with NO SAS. There
is 17%tle difference at these stations between Baseline SAS and the LAMS-FCS.
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TABLE XXII
LAMS ULTIMATE STRESS EXCEEDANCES DUE TO TURBULENCE

NO_SAS (CGNTROLS LOCKED)
2 SPOILERS UP 15°

COMBINED VERTICAL, IATERAL, & ROLLING GUSTS

STRESS

CONTOUR LOW LEVEL & CPUISE ENVIRONMENT'S

ARE FROM ECP 1128 (B-52 DATA)

ULTIMATR STRESS EXCEEDANCES PER HOUR EXCEEDANCES
LOCATION COND. 1 COND, 2 COND. 3 PER YEAR*
: W.S. 282 57  3.7x10712  1.8x101% 14zx102 9.3x10°11
j W.S. 516 s-5  2.2x10~2 44x1015 3.3x1021 5.5x 107!
{ W.S. 839 S-3  4.5x101%  42x1016 1.0x10718 1.1 x1012
B.S. 805 U.L. 1.6 x 1018 81 x1028 33x102% 4,0 x 10717
] B.S. 1028 U.L. 3.3x 1018 1231028 2,6 x102" 8.3 x 1017
? S.B.L. 32 SPAR  i.6x102% 28x109 57x1037 4.0x 1023
' F.S. 135 SR 1.5x 109 2.1 x10-14  1.9x yo-1k 3.8 x 10-8

TS VRPN A

COND. 1 = CONTOUR LOVW-IEVEL. 350,000 LBS., 350 KEAS, 4000 FT, ALT.
COND. 2 = CONTOUR LOW-1EVEL, 350,000 LBS., 240 KEAS, 4000 FT. ALT.
COND. 3 = CRUISE, 270,000 LBS., MACH .77, 32,700 FT. ALT.

*ANNUAL USAGE = 25 HOURS @ COND. 1
+39 HOURS @ COND. 2

+511 HOURS @ COND. 3

ANl B T bl e R el

< *%For comparisons only. Fin side loads cannot exceed 85%
E of design loads at flight conditions 2 or 3 due to Cj .
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TABLE XKII11
LAMS ULTIMATE STRESS EXCEEDANCES DUE TO TURBULENCE

BASELINE SAS (ROLL, PITCH, AND YAW)

2 SPOILERS UP 15°
COMBINED VERTICAL, IATERAL, & BOLLING GUSTS
CONTOUR LOW LEVEL & CRUISE ENVIRONMENTS
ARE FROM ECP 1128 (B-52 DATA)

STRESS __ULTIMAYE STRESS EXCEEDANCES PER HOUR EXCEEDANCES

LOCATION corD. 1 COND. COND. 3 PER YEAR*
W.S. 282 S-7 2.2x10-13  2.0x101 2.1x1025 1.8x10°!!
W.S. 516 S-5 5.0 x 10713 6.7x1016  2.9x1022 1.,3x 101}
W.S. 899 S-3 1.0x10°15  72.3x10°18 1,9x1020 2.5 10-1%
B.S. 805 U.L. 78x1026 283103 57x10 2.0x102
B.S. 1028 U.L. 1.0 x 1023 g8.8x107%2 1.2x1032 2.,5x102%
S.B.L. 32 SPAR  9.5x 10732 1.1x107° 32x1072 2.4 x10
F.S. 135 SPAR 1.6 x 1017 392102 7.1 10';; 4.0 x 10716

COND. 1 = CONTOUR LOW-LEVEL, 350,000 LBS., 350 KEAS, 4000 FT. ALT.
COND. 2 = CONTOUR LOW-LEVEL, 350,000 LBS., 240 KEAS, 4000 FT. ALT.
COND. 3 = CRUISE, 270,000 LBS., MACH .77, 32,700 FT. ALT.

*ANNUAL USAGE = 25 HOURS @ COND. 1
+39 HOURS @ COND. 2

+511 HOURS @ COND. 3

**For comparison only. Fin side loads cannot exceed 85%
of design loads at flight conditions 2 or 3 due to Clg,,.
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TABLE XTIV
LAMS ULTIMATE STRESS EXCEEDANCES DUE TO TURBULENCE
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LAMS FLZIGHT CONTROL SYSTEM (ROLL, PITCH, AND YAW)
2 SPOILERS UP 15

COMBINED VERTICAL, LATERAL, & ROLLING GUSTS

CONTOUR LOW LEVEL & CRUISE ENVIRONMENTS

ARE FROM ECP 1128 (B-52 DATA).

SN CTEENIP o popsnspesym o
'

STRESS ULTIMATE STPESS EXCEEDANCES PER HOUR EXCEEDANCES
LOCATION COND. 1 COND, 2 COND. 3 PER YEAR*
W.s. 282 S-7 1.311 x 10716 3,578 x 10722 1.944 x 10739 3.3 x 10715
W.S. 516 S-5 8.229 x 10°18 3,097 x 10°22 3,637 x 10-34 2.1 x 10716
Ww.S. 899 S-3 1.015 x 10719 1,090 x 1023 3.715 x 10725 2.5 x 10-18
B.S. 805 U.L. 8.902 x 10730 8,931 x 10749 6.145 x 10743 2.2 x 10728
B.S. 1028 U.L. 2.245 x 10726 2,494 x 10747 1.498 x 1041 5.6 x 10°25
S.B.L. 32 SPAR  2.404 x 10728 1,207 x 10748 2.078 x 10748 6.0 x 1027
F.S. 135 SPAR 2.5x10°17  42x1030 2.4 % 10'5; 6.3 x 10-16
COND. 1 = CONTOUR LOW-LEVEL, 350,000 LBS., 350 KEAS, 4000 FT. ALT.
COND. 2 = CONTOUR LOW-LEVEL, 350,000 LBS., 240 KEAS, 4000 FT. ALT.

COND. 3 = CRUISE, 270,000 LBS., MACH .77, 32,700 FT. ALT.

*ANNUAL USAGE =

**For comparison only.

25 HOURS @ COND. 1

+39 HOURS @ COND. 2
4511 HOURS @ COND. 3

7in side lcads cannot

exceed 85%

of design loads at flight conditions 2 or 3 due to Cp,,,-.
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FIGURE 54
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COND, 1 = CONTOUR LOW-LEVEL, 350,000 LBS., 350 KEAS, 4000 FT. ALT.

COND. 2 = CONTOUR LOW-1EVEL, 350,000 LBS., 240 KEAS, 4000 FT. ALT.
COND. 3 = CRUISE, 270,000 LBS., MACH. .77, 32,700 FT. ALT.

¥ANNUAL USAGE =

25 HOURS @ COND

+39 HOURS @ COND.

+511 HOUES @ COND. 3
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;i TARLE YOOV
t% LAMS FATIGUE DAMAGF RATES DUE TC TURBULENCE
i g NO_SAS (CONTROLS LOCKED)
B 2 SPOILERS UP 15°
- % COMBINED VERTICAL, LATERAL, & ROLLING GUSTS
2 ¢ CONTOUR LOW LEVEL & CRUISE ENVIRONMENTS
F 3 % ARE FROM ECP 1128 (B-52 DATA)
%1
E STRESS . DAMAGE PER H DAMAGE
LOCATION COND, 1 COND. 2 C'WD. 3 PER YEAR*
E V.S. 282 S-7 2,97 x 1073 1,64 x 103  .013 x 10-3 145
g
E W.S. 516 S-5 2,80 x 103 1.74 x 10-3  .020 x 10~3 .150
5 W.S. 899 S-3 2.2k x 10-3  1.36 x 10-3  .029 x 10~3 124
3
E B.S. 805 U.L. .768 x 10~3  [135 x 10-3  .0048 x 10-3 .0269
]
B.S. 1028 U.L. .939 x 10-3 .126 x 10-3 .0080 x 10-3 .0325
3 S.B.L. 32 SPAR  .052 x 10~3 .0022 x 10-3  .0002 x 10-3 .0015
F.S. 135 SPAR .997 x 10-3 .188 x 10-3 .0961 x 10-3 .0354

e —— 8 X




TABLE XXVI
LAMS FATIGUE DAMAGE RATES DUE TO TURBULENCE

BASELINE SAS (ROLL, PITCH, AND YAW)

2 SPOILERS UP 15°
COMBINED VERTICAL, IATERAL, & ROLLING GUSTS
CONTOUR_LOW LEVEL & CRUISE ENVIRONMENTS

ARE FROM ECP 1128 (B-52 DATA

STRESS DAMAGE PER HOUR DAMAGE

LOCATION COND. 1 COND. 2 COND. 3 PER YEAR*
W.S. 282 S§-7 2.76 x 10-3  1.4° x 10-3 011 x 10-3 133
W.S. 516 S-5 2,71 x10-3 1.60 x 103  .019 x 10-3 140
W.S. 899 S-3 1.90 x 10-3  1.16 x10-3  .026 x 1073 .196
B.S. 805 U.L. 204 x 10-3  .040 x 10-3  .0015 x 1073 .0097
B.S. 1028 U.L.  .345 x 103  ,028 x 10~  .0029 x 10-3 .0112
S.B.L. 32 SPAR  .016 x 1-3  .0002 x 10~3 00003 x 107 . 0004
F.S. 135 SPAR J181 x 10-3  .018 x 10-3  .0007 x 1073 .0056
COND. 1 = CONTOUR LOW-LEVEL, 350,000 LBS., 350 KEAS, 4000 FT. ALT.

COND. 2 = CONTOUR LOW-LEVEL, 350,000 LBS., 240 KEAS, 4000 FT. ALT.
COND. 3 = CHUISE, 270,000 LBS., MACH. .77, 32,700 ¥FT. ALT.

*ANNUAL USAGE = 25 HOURS @ COND. 1
+39 HOURS @ COND

+91]1 HOURS @ COND. 3
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ks Performance Sensitivity Results
4,5.1  LAMS Longitudinal FCS

The results of the longitudinal performance definition study
indicated the LAMS-FCS would operate satisfactorily for the levels,
frecuencies, and kinds of input signals used during SAS operation. The
responses to discrete pulse inputs of various frequencies and random
gust inputs all tend to follow the same trends. Actuator hysteresis
depending on the RMS gust level, has a noticeable but not serious effect.
Control column input responses with LAMS engaged were well matched to
those of the free aircraft.

Results of the longitudinal axis sensitivity analyss s indicate
that modal coefficient variations are in some cases, destabilizing.
Variations in mode frequency and in flight control system time constants
have no significant destabilizing effects. This is also the case with
actuator hysteresis. These results are swmmarized in Tables XVII , XXVIII,
and XXIX for Flight Conditions 1, 2, and 3 respectively as indicated by
the Symbols 1, 2, and 3.

The parameter variation column lists the percentage variations
of evaluated aircraft parameters. A unity coefficient =2ssociated with a
parameter would designate a nominal value; & 1.25 coefficient is a 25
rer cent increase from nominsi, and a .75 ccefficient is a2 25 per cent
decrease from nominal.

The longitudinal LAMS failure analysis, presented in Table XXX,
included hardover and open failures of each rate gyro and control surface
actuator. All hardover failures except for the aileron actuator were
considered serious in that large normal accelerations occur and stresses
approach those required for structural failure. An open failure of one
of the rate gyros is also serious in that it results in the flight control
system being statically unstable. Various other open failures lead to
increases in MMS levels of stresses and pilot's acceleration but not
unmanageable situations.

k.5.2 LAMS Lateral-Directional FCS Results

The lateral-directional performance definition results indicated
that the LAMS system would operate satisfactorily for the levels, fre-
quencies, and kinds of input signals used during SAS operation.

Results of the sensitivity anaiysis of the LAMS Lateral-Directional
FCS indicate that variations in gyro pickups and mode frequencies are not
destabilizing. The analysis results are summarized in Tables XXXI , XKXII,
and XXXIII for the three flight conditions checked. Deviations of 10 per cent
or more from nominal are obtained at wing station 899 and body station 1028.
Pilot's acceleration is sonsitive to variations in mode 9 frequency. It is
interesting to note that a 25 per cent reduction in irequency materially
reduces pilot's acceleration at Flight Conditions 2 and 3. The effect is
not seen at Flight Condition 1 where pilot acceleration RMS values increase
from naminal for either an increase or decrease in mode 9 frequency.
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Effect of Parameter Variations on LAMS
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Open failure results included in the RMS varistions summarized in
Tables XXx1, XXX1I, ard XXXIII indicate that yaw rate gyro failures can
degrade LAMS performance to that of the free aircraft or worse.
E Hardover fallures do not appear to be serious in the Lateral-

Direction+l axis. Herdover failure transient responses indicate that
responses are ecsentially stable commands equivalent to full authority
Pilot comnanis. Pesponse damping is not degraded below that of the free
aircrafs.

4.6 LAM.. CS Longitudinal Design Modification Results

LAMS-FCS spoiler loop design medification effects are illustrated
by comparing modified eigenvalues with those presented in Section L.2.
Longitudinal axis eigenvalues, mode damping values, and mode frequencies
are presented in Tables XO0IVand XXXV for Flight Conditions 1 snd 3. These
Tables show the effect of including aireraft equlvalent structural demping
and 1ift growth on the spoilers in addition to including the revised system
gains as shown in Figure £, The revised spciler loop system gains
resulted in a 25 degree phase lead at the structural mode 1 freguency
and a 20 degree phase lead at the structural mode 6 frequency as referenced
to the original system gains.
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TABIE YOXXIV
REVISED IAMS LONGITUDINAL FCS EIGERVALUES
FLIGHT CONDITION 1

| Mode Root locations
>
SP -1.k7 £ J 2.63 188 308
1 - 92 % § 746 122 %
; 2 - .59 % 312,13 -049 1?:;};
.; 3 -..2s £ 512,70 019 13072
N - .23 ¢ J14.73 016 1::;{1? 3
5 -1.07 t j15.06 071 1223 i
'* 6 -2.70 £ J18.70 <143 1§:g(1)
: 7 - 45 t 31944 023 lg:g :
8 -1.19 % j21.71 <055 2;*(2
9 -1.96 * 33344 059 33
20 -1.06 * §36.39 o9 B
: il - .57 t §37.6 .015 3;’:%
12 “1.67 * 339.95 o2 %
E 13 -7.16 * JU5.73 .155 “?,jgg
1 14 - 9% % 357,11 o6 g
15 - .65 & 360.23 011 68?3
16 17 ¢ 561.82 .068 6;:32
17 -3.17 * 36432 <049 %:g
18 -2.79 % 383.73 03 o
: 19 -k.83 * 388.10 055 ?fgx?
20 -6.85 £ Joh.55 073 %:23
21 =3.31 £ Joh.77 REV R 145
25 -2.26 * j113.k0 020 1;:31(;?
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TABIE XXXV
REVISED LAMS LONGITUDINAL FCS EIGENVALUZS

FLIGHT CONDITION 3

Hode Root Locations ¢ ;2
SP -1.38 £ j 2,35 .51 2&;
1 - 6% 3 7.76 o8 178
2 - .50 £ 312.09 .0b1 1’;:33
3 - .21 ¢ J12.69 L7 12;32
4 - .63 £ J15.02 .02 12:‘;29
5 - .21 % j15.19 .01y lg:ig
6 2,33  j19.09 121 12:3?
7 - k0 % 319.56 .020 12:515
3 - 65 % j24.32 .027 2‘;:3‘?{
9 <143 £ 335.k7 .0ko 322’;
10 - .73 £ 337.48 .019 3;:;2
1 - .59 t §37.72 .016 32:07(2)
12 SLb2 £ JU2.67 .033 ‘*g:gg
13 -3.92 ¢ Ji7.52 .083 “;:gg
14 - .9k £ j58.11 .016 52:;&
15 -2.63 £ J63.70 .ChL fg:ﬁ
16 -1.69 * 365.33 .026 f?,?:g
17 -1.51 * 368.07 .022 fg:g’g
18 -2.90 ¢ j87.07 .033 ‘g:g’;
19 -2.97 * j90.96 033 330
20 -4,51 * J96.89 .06 ggﬁg
21 ~2.70 % J105.73 026 10573
22 -1.92 £ §117.50 .016 1{&:38
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5.1 Introduction

This section discusses hardware which has been designed to imple-
ment the IAMS program. The section encompasses the hydraulic actuators, the
hydraulic pover system, the comtrol system electrical/electronics, special
hardware, such as analog computers, oscillograph, and function generators,
and the fly-by-wire system, and the Honeywell LAMS-FCS computer.

5.2 Boeing Hardware Design
5.2.1 Aileron Actuator

The original aileron was controlled by two tabs; a control teb
vhich was operated by a cable system to the control wheel and & tcim and
balance tab driven by an electric motor.

When converting to the hydraulically powered aileron system, the
alleron gust dampers, arnd the sileron trim tab actustors were removed. The
trim tab was £ixed to the alleron, and the mechanical linkage from the con-
trol quadrant to the control tab was replaced with a push rod to the aileron
actuator. Thke control tat linksge was attached to fixed structure to provide
bhoost tab operation (5:1) when the aileron actuator displaced the aileron.

The aileron actuator is a hydraulic servo actuator which positions
the aileron in response to mechanical control inputs transmitted from the
control vheel. electrical signals from a stability augmentation system, elec-
trical trim input from trim switches, or simultencous combinstions of all
inputs. Aileron position feedback is obtained froi a mechanical linkage
attached to the actuator piston rod.

The aileron actuator was designed to be in scccordance with the re-
quirements summarized in Table XXXVI and Figures 56 and 58

The functional diagram of the ailerom actustor is shown in
Figure 57.

The aileron actuator has full electricai authority * 17 degrees and
the specificatiorn required the capahility of full nanmual override of any
electrical command with no reduction in mechanrical authority. The require-
ment was not implemented in the aileron actual »r due £0 an error in design
by the actuator supplier. This error was not corrected, because the addi-
tional cost and time required to incorporate a revision to the actuator was
not varranted; this same design requirement was applicable to the spoiler
control valve, and the spoiler autharity was more than adequate to override
the effect of hardover eileron rolling moment.

Additional features of the aileron actuator were the integrated
force feedback piston required for stability compensation, and the delay
valve which limited actuator centering rate to 60 degrees per second upon
electrical shutdowm.
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TABLE XXXVI
SPOTLER ACTUATION SYOTEM SPECIFICATIONS

Operating Pressure

Anbient Temperature Ranze

Fluid Tenperature Range

Altitude

Surface Displacement

No load Rate 2 Panel Configuration
No Load Rute 3 Panel Configuration
Open Loop Gain 2 Panel Configuration
Open Loop Gain 3 Panel Configuration
Effective Piston Area Up
Effective Piston Area Down

Force Capability - ‘ex Panel Up
Stroke

Crank Arm

3000 psi

-65° to +180° F
40% to +225° F
Sea Level to 60,000 Ft.
mO

220 deg/sec
140 deg/mec

LG deg/sec/deg
27 deg/sec/deg
1.92 in®

.92 1n°

5700 1bs

6.25 in.

5.62 1n.

ATLERON ACTUATCR SYSTEM SPECIFICATIONS

Opersating Pressure
Ambient Tempersture Range
Fluid Texpersture Range
Altitvie

Surface Displacement
No Load Rate

Veight

Open Toop Gain
Effectire Piston Ares
Force Capability
Stroke

Crank Arm

3200 psi

-65° to +18¢° 7
~h0° to 4225° P
Sea Level to 60,000 Ft.
17°

120 deg/mec

T4 1bs

A5 deg/src/deg
2.03 1n°

€290 1bs

6.1% in.

10.5 1in.
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5.2.2  Spoiler Actuation System (Integrated Spoiler Servo Valve)

The spoller servo valve is an integrated unit designed to supply
metered hydraulic flovw to the spoller segment actuators in response to elec-
trical fly-by-wire, and/or stability augmentation commands, electrical air-
brake, mechanical pilot input, and mechanical position feedback coomands
froe the existing follow-up linkage system.

The spoilers were divided into groups of four ocutboard segments aud
three inboard segmenrts. Due to design and fabrication problems, the spoiler
servo valve proved unsatisfactory for SAS inpuis. Therefore, the system was
modified to utilize only the two outboard spoiler segments for LAMS-FCS con-
trol, see Section 5.2.3. The remairing five segments were grouped three in-
board and two outboard. With this new coufiguraticn, the spoiler actuation
system is required to accamplish all of the functions listod above with the
exception of LAMS-FCS and meet the specifications listed in Table XXXVI.

A functional diagrasm of the spoiler servo valve is shown in Fig-
ure 59 and the initial specified auxilisry actuator opzn loop frequency
response ls presented in Figure 58.

5.2.3 LAMS-FC5 Spoiler Actuation

Command signal implementation for the longitudinal IAMS-FCS 1is pro-
vided with special servo-actustors which cantrol the two outboard spoiler
panels on each wing. These ILAMS-FCS spoiler actuators were configured by
modifying the existing actuatar on Spoiler Panels 1, 2, 13,and l4. Each
actuator was fitted with a speciel manifold which adapted a Model 31 Moog
electro-hydraulic flow control valve to the unit. A position transducer wss
fitted to the actuator piston rod to provide a camplete servo-sctuator and
are connected to the hydraulic power system in the outboard wing.

The spoiler actuatars respond to plus and minus command inputs and
provide spoiler surface deflection of plus 45 degrees and minus 15 degrees
from a plus 15 degree deflection bias point.

The SAS spoiler actuators are designed to meet criteria listed in
Table XXXVIII and Figure 60.

5.2.4 Rudder and Elevator Actuators

- The hydrculic actuators used for driving the rudder and elevator are
of a dual tandem configuration and designed in accardance with MIL-C-5503,
MIL-H-8T75 and MIL-E-T080. The elevator and rudder power cantrol actuators
differ only in envelope dimensions, force output and strcke.

™

Each actuator employs differential pressure limiters for limiting
the maximm force output, a dual tandem piston and cylinder, two electrical
shutoff valves, two auxiliary actuators, two position transducers, one dual
main control valve, two main actuator bypass valves, four filters, two elec-
trical comnectors and an internal suwming linkage system.
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TABLE XXXVII

LAMS-FCS SPOILER ACTUATION SYSTEM SPECIFICATIONS

Operating Pressure 3000 psi

Ambient Temperature Range -65° to +180°F

Fluid Temperature Range -L40° to +225°F
3 Altitude Sea Level to 60,000 Ft.

Gain Margin 10 db

Phase Margin 70°

Open Locp Gain 43 Sec™!

Stroke 6.25 in.

Effective Piston Area Up 1.92 ain.

Effective Piston Area Down .92 in.

Force Capability-Per Panel Up 5,700 1lbs.

Crank Arm 5.62 in.
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& TABLE XXXV™TT
2 RUDDER ACTUATOR SPECIFICATIONS

Operating Pressure 3000 psi
Ambient Texmperature Range «65° to +180° F
; Fluid Temperatur+ Range 4% to 4225° F
; Altivude Sea Level to 60,000 Ft.
Surface Displacement +19°

No load Rate 80 deg/eec

Weight 44 1os

Open Loop Gain 15 deg/sec/deg

Sffective Piston Area 2.1k in?

Force Capability 7320 1bs

Stroke 41.30 in,

Crank Arm 4,00 in,

ELEVATOR ACTUATOR SPECIFICATIONS

Opereting Pressure 3000 psi
Ambient Temperature Range -65° ¢ +180° F
Fluid Temperature Range -bo® to +225° F
Altitude Sea Ievel to 60,000 Ft.
Surface Displacement $19°
No Loed Rate 80 deg/sec
Weight ST 1bs
_ Open Loop Gain k5 deg/sec/deg
, Effective Piston Area 3.51 1a°
Force Capability 10,530 1bs
Stroke 3147 in.
Crank Arm 4.5 in.
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In addition, the elavator actuators contain two rate limiting bypass
valves for the purpose of limiting controi surface rates induced by electri-
cal shutdown of the SAS portion of the actuator.

The following camponents are interchangeable on all actuators:
Electro-hydrauli. i'low Contrcl Valves
Shutaoff Vulves
Position Transducers
Main Actuator Bypess Valves
Filters
The differential pressure limiters ace non-interchangeable.

The c¢riteria for the design of the ruvdder and elevstor asctustors are
listed in Table XXXVIII and Figure 61.

A functional diagram of the actuator is shown in Figure &2.

95.2.5 Hydrauiic Power System Design

The hydraulic power system design consisted of augmenting the power
capability of the existing systems and the installation of two additional
systems in the aft body of the airplane for powering the rudder and elevators

5.2.5.1 =Roll Axis Hydraulic Pover System

Hydraulic pover for actuating the ailerons and the spoilers is pro-
vided by six separate hydraulic systems. The primary source of power for
each system is provided by an engine driven hydraulic pump. A pump is mount-
ed on each engine of the airplane except on engines #2 and #8. Each of the
hydraulic systems is supplemented with an electric motor driven pump and an
accumulator to augment flow. The four left oatboard spoiler panels are

powered by the number cne engine system, the three left inboard spolilers are
powered by the mumber three engine system and the left aileron is powered by

the mumber four engine system. A similar arrangement exists in the right
hand wing. In addition to driving the spoilers, the outboard systems nrovide
actuation power for the tip protection landing gear. The systews powered

by engines #+ and #5 power the ailerons and also provide power for stabili-
zer trim actuation, landing gear actuation, and other utility functions.

A block diagram of the basic IAMS test vehicle hydraulic systems is shown

in Figure 63. Figure & shows tne hydraulic systems as modifled fur the IAMS
program. The hydraulic systems are the 3000 psi type and use MIL-B-5606
fluid. The flow capacity of each engine driven puwp is 12 gpm. The fiow of
the mwciliary (electric motor) pump in each aileron system is 6 gpm znd the
axxiliary pump in each spoiler system is 3.8 gmm. A 100 cubic inch accum-
ulator was installed in each of the systems powered by engines #1 and #7.
Each of the other four systems was provided with =2 50 cubie inch accummilator.
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F< 1 Tae acomulutors wece locaced as close to the aileron or spoiler actuators
: % as practica’ to increase effectivedess.
Cod 5.2.5.2 Rudder-Elevator Hydraulic Power System
L )
oo A trade study was accomilished to determine the most feasible pow-
F : er suply configuratinn for the rudder and elevators which would provide

. adequatie reliability and could be instalied om either the B-52G or H with-
out mndification. Considerations in the trade study were as follows:

® Reuiability

® Weight

® Cost

¢ Complexity of Imstallation
® Maintainability

The primary source of hydrauiic power for the rudder-elevator sys-
tem is provided by two electric motor driven pumps. Two seperate systems
are provided and each system has a self-pressurizing reservoir. A stendby
source of hydraulic powe. is provided by a hydraulic motaor driven pump
(transformer) that is powered by the Mumber 5 engine drive:; system. The
ruvdder-elevator systems are shown in location in Figure 64. A more detailed
block diagram of the systems is presented in Figure 65.

The electric motor driver pump assembly consists of a variable de-
livery axial piston hydraulic pump and a 3 phase 118/205 volt, Class A,
, induction motor. The assembly is rated at 2700 psi at 6 gpm (full flow) and
i 2000 psi at zero flow.

The hydraulic transformer is incorporated in System No. £ to pro-
vide emergency power in the event of failure of the primary systems. The
hydraulic uwotor utilizes power from the aircraft IH body hydraulic system
to drive the pump. The unit is designed to deliver flow when the input
differential pressure across the mctor and flow regulator is 2950 psi and
the rudder-elevator hydraulic system differertial pressure across the pump
drops to 2600 },2J psi. The transformer will continue to deliver flow umtil
the rudder-eleva hydraulic system differential pressure reaches 2800 psi,
and will then stall. Ra%ed flow of the hydraulic motor driven pump is two
gpa st ~200 psi pump side lifferential.

s,
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5.2.6 Electronic Sensors

Position, rate and acceleration sensors are used in the control
system, some being implicit in the control loop while others are used for
safety monitor and/or Flight Test data acquisition purposes. A list of the

system sepsors is tabulated in Table XXXIX and located in the aircraft in
Figare 65,

5.2.6.1 Position Sensors

Two types of position sensors uwre found in the control system: D.C.
and A.C, The D.C. sensors are conductive plastic potentiometers and may be

either rotary or linear. DPotentiometers are used for pilot's control posi-
tion and surface positions.

Potentiometers are supplied with * 15 volts excitation from the
intexface electronics power supplies. In order to provide optimum scale
factors, rotary potenticmeters are designed with extra taps so that excita-
tion may be applied at a point near the maximm slider rotation. Buffer
amplifiers are provided in the interface electronics to isolate the poten-

tiometers from other disturbing circuit elements and to provide gain change
capabilities where required.

The A.C. type of position sensor is the LVDT (Linear Variable
Differential Transformer) sensing the auxiliary actuator position in the con-
trol actuator. This sensor is a necessary element in the auxiliary actuator
control loop. Since the output is 400 cycle A.C., a ring demodulator and
buffer amplifier are used to convert the signal to the required D.C.

5.2.€.2 Rate Sensors

The rate sensors utilized in the control system are miniature rate
&ros in two ranges: 0-20 degrees/sec and 0-U0 degrees/sec. The undamped
natural frequency is above 20 cps. The output is A.C. and a demodulator and
buffer amplifier are required to provide D.C. signals. The scale factor is
changed to an appropriate value in the buffer amplifier. Au isolated self
test coil is provided and will allow the gyro to be torqued with an external

signal to simulate an actual rate input. A pulse train output is provided to
allov confirmation of carrect motor operation.

5.2.6.3 Acceleration Sensors

The acceleration sensors used are linear accelerometers of the
force balance type and comtain an internal control smplifier and feedback
loop. As supplied, the output is a current source with a scale factor of
0.20 ms/g. Thus, a buffer amplifier is required and the voltage scale fac-
tor is determined by the feedback resistor used. The frequency response is
extremely high, with the undamped natural frequency greater than T50 cps.
This necessitates the use of low pass filters in the buffer amplifier. An
isolated tarquing coil is provided to allow an external input to simulate
acceleration inputs. Frequency response to torquing inputs matches that for
acceleration inputs. The acceierometer is supplied by t 15 volts from the
interface electronics power supplies.
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TABLE XXXIX
ELECTRONIC SENSORS
ITEM
VARIABLE NO.

Centrol wheel position, pilot 4o
Control column position, pilot
Rudder pedal position 41
Rudder position
Rudder auxiliary actuator L2
position 1
Rudder auxiliary actuator 43
position 2 hi
Left elevator position 45
Right elevator position 46
Le’t elevator auxiliary act. L7
position 1 48
left elevator auxiliary act. T ]
position 2 50
Right elevator auxiliary act. 21
position 1 52
Right elevator auxiliary act.
position 2 53
Horizontal stabilizer position 5k
Left aileron position 55
Right aileron position 56

Left aileron auxiliary actuator
position
Right aileron awdliary actuater
position
Pitch parallel servo position
Spoiler #3 position
Spoiler #6 position
Spoiler #9 position
Spoiler #12 position
Vertical acceleration, nose
Normal acceleration, tail
Lateral acceleration, tail
Lateral acceleration fin
elastic axis
Vertical acceleration, L stab.
Long acceleration, L wing
Vert acceleration, L wing
Normal acceleration, c.g.
Rell acceleration at c.g.
Pitch acceleration at c.g.
Yaw rate, CG
Pitch rate, CG
Roll rate, CG
Roli at CG

itch at CG
Yaw at CG
Spoiler #3 auxiliary actuator
position
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VARIAHLE

Spoiler #6 auxiliary actuator
position

Spoiler #9 awxiliary actuator
position

Spoiier #12 auxiliary actuator
position

Rate of Pitch, BS566BWL179
Rate of Yaw, BSH26BWL1T79

Rate of Yaw, BS695BWL238

Rate of Roll, BS805BWL238
Rate of Yaw, BS1028BSL238
Rate of Yaw, BS1377BWL 187.7
Rate of Pitch, BS1377BWL 187.7
Rate of Roll, BS1655EWL205
Rate of Pitch RT, WS11BWLT720
Rate of Pitch, LT. WS 11

BWL 720

Spoiler #1 position

Spoiler #2 position

Spoiler #13 position

Spoiler #1U4 position

§
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56T - riace Electronics

interface electronics system provides the nucleus of the elec-
trical/elecuronics system installation. All comtrol signals pass through
some portion of this system. These include, for example, pilot's control
inputs to the computer, computer output to the actuators, feedback sensors
to the computers, and Flight Test data acquisition. In addition, safety
monitor, inflight data monitoring, and system engagement control functions
are included in the interface electronies.

Interface amplifiers are used to isolate the sensor outiuis from tae
computers. They are also used to isolate sensor and computer outputs from
the read-out devices. This eliminates sensor loading effects and permits
filtering or other necessary signal conditioning ahead of the input to the
computer or read-out device. The interface amplifiers are solid state D.C.
operational amplifiers with * 10 volt output. These amplifiers are located
on the lower flight deck and in the pressurized tail gunner's compertment.
This choice of location allows short wire runs from sensors to the isolating
amplifiers vhile still maintaining amplifiers in a desirable enviromment.
Signal to noise ratio problems are also reduced by providing low impedance
signal paths. The physical structure of the electronics installation are
shown in Figures 67 and 68. An interpatch panel receives all flight control
loop input and ocutput signals. This panel consists of a removable patch
board containing U088 jack connections and a mating base panel. Since all
signals feed through the interpaetch base panel into the removablc board and
back out the base panel, any desired routing of signals may be wired on the
removable board. The removable patch board will narmally be prewired on the
ground prior to flight, but is sccessible for qualified personnel to make
inflight changes.

The system block diagrsm is presented in Figure 69.
5.2.7.1 Servo Actuator Electronic Equipment

There are 16 series servo actuators and one perallel servo actuator
in the flight comtrol system. The parallel servo is a lower bandpass actua-
tor consisting of an electric motor servo and drive amplifier. This servo
is obtained from existing A/AL2G-11. AFCS hardware and used to implement the
pitch axis fly-by-wire commands from the evalumtion pilot. The series servc
actuatars, located in the integrated hydraulic packages, employ D.C. electro-
hydraulic valve coils with a typical resistance of 1000 chms per coil.
Normally, two colls are used and the maximmm required control input current
is 8 ma. differential or 4 ma. per coil. This current is supplied by a solid
state, * 10 volts operational D.C. amplifier. Differences in the 16 series
servo actuator electronics are discussed in the Tollowing peragraphs.

The rudder actuator has two independent electricsal series servo
actuators, each commanding up to 10 degrees of rudder travel and, operating
together, commanding up to 20 degrees of “ravel. Each channel has a variable
reluctance position transducer within the .3der actuvatcr peckage to provide
position feedback to the servo smplifier. The output of the transducer is a
modulated 400 cps signal. This outpuc signal is demodulated at the amplifier
to provide a D.C. position signal. Each rudder series servo loop thus re-
quires a servo amplifier, s demodulator, asscciated components and a power
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source. The two channels of the rudder servo system operate frum separate
pover supplies. The demodulators operate from 26V, 40O cps power supplied

by a standard instrument transformer operating from a voltage regulating
transformer.

The two aileron actuators and the four integrated spoiler velve
actuation packages contain a single series servo actuator channel and simi-
lar servo electronic eqaipment is supplied for them.

The servo electronic equipment used for operation of the rudder,
elevatar, alleron actustors and the integrated spoiler actuation package is
discussed beiow.

The servo amplifier is the output point of the electrical control
system. It's function is to apply the controi signals to the electro-
hydraulic control valve and to close the loop around the auxiliary actuator
so that awxillary actuator position is an accurate and lincar fuuction of
the electrical inputs. The valve coil is part of a flow conmirol valve which,
in twrn, supplies flow to the piston of the auxiliary actuator, making the
position of the auxiliary actuator a function of the integral of the cwrrent
through the coil. The position of the awxiliasry actuator is measwred by a
Linear Variable Differential Transformer (LVDT) whose output is a 400 cps
signal with an amplit:de proportion to the position. Thus the servo ampli-

fier system must supply current tc the valve coil and receive the demod out-
put to close the loop.

In general, bandwidth of about a decade sbcve the highest structural
fruquency 1s desired to sufficiently sepsrate auxiliary actuator response
from control system response. Considering the oren loop characteristics of
the servo amplifier/auxiliary actuatar/IVDT/demod system to be essentially a

pure integration (higher order effects ignored) leads to & unity gain crcss-
aver at 150 radians/sec.

As a result of testing various sc vo valves, the transfer function
¢f the servo valve is taken to be

Ksv
VI, = - 2é.v\s F1
630° 30

ignoring the coil. The coils tsken in parallel are considered to be 500 ohms
resis%ive in series with 3.5 henries inductance.

1n3/ sec/ma

The auxiliary actuator is nearly a pure integrator ard its trans-
fer function is considered to be

-%— = -—Kg- in/in3/sec
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The response of the LVDT is taken to be _I;X._m'_ = K VRMS/in

The demodulator is a full wave diocc ring design and with the included fil-

Vie-
tering has a response of D=MOD = = 1 VDC/VRMS
or & a7,
500~ 500

There is a residual ripple of about 1 percent at 800 cps at the filter
output.

%ilizing computer studies, it was determined that for a static

loop gain of 1500 (implying an amplifier gain of 158 ma/valt) required a
compensation function described by

S 4+ 1
12.5
S+1 <
(s41) 8 +12
5000 )

When the compensation described above is applied arnd the amplifier
gain is 158 ma/vclt, a considerable 800 cps ripple is found at the amplifier

output. This could cause damage or eventual failure of the servo valve. A
notch filter with the characteristic

+1
5000°
S +1
5000

vas added to provide addition rejection of the 800 cps ripple.

App}ying ali the above factors and azsuming that the servo amplifier
is a perfect current source achieves an open loop transfer function of

S e
s oy [ ]
o6 Yi(s) = Liz5 ] L 5000 ,
(s + 1) [——S-+1]3[32 +2(ns +1[s? +2(.7)5 +1
5000 500° 500 ][533' 630 ]
with the feedback being
£ .
H(S)= j(mh
£ ,2lps+1) fs_ +1]
Ex e
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Figure 70 shows this fuuction plotted. The thearetical closed loop
response is shown ian Figure 7l. The curves for most sluggish and most ring-
ing response are based on parameter changes beyond those normally expectes.
Max{ um theoretical peaking is about 1 db. The phase margin is 60 degrzes;
the gals margin is 9 db and the crossover frequency is 125 rad/sec.

Considering the direct coupled nature of the ccatrol system, SAS or
FBW engagement could cause & considerable airframe transient or step input
10 the control swrface. The effects of these inputs can be reduced by turn-
ing the gain of the servo amplifier from zero to the nominal value slowly
after the solenoid valve has been turzned on. One method of accomplishing
this involves a light sensitive silicon resistor ané a light source. It
contains the resistor and the light source in a light tight housing. The

resistance of the resistor is very high (megohms) in the dark and is reduced
in proportion to the light flux falling on it.

By operating the lamp from an sppropriaste time varying voltage
source; the serve amp gain can be varied linearly. The ramp is adjusted to
vary the gain from O to 158 ma/volt in approximately 2 seconds. Two “Ray-
sistors” are connected in parallel on each servo amp to improve reliability.

5.2.7.2 Control and Monitor System

The contrcl loop and monitor system located at the test engineer's
station, Figure 72, includes controls for ground checkout, inflight check-

out, safety monitor; safety interlock, servo engagement, and inflight data
monitoring.

The safety moritor syster provides visual indication of unsafe
conditions before system engageme:nt and/or control loop disengagement during
operation if preset tolerances a‘e exceeded. Items monitored include: power

supply voltages, servo amplifier outpuits, control surface positions, vertical
acceleration and structural accelerat.ons.

FPower supply voltages are monitored for changes from their correct
velues. Deviation of T 2 volts will disengage the control system aind
iiluminste an indicator. Vertical and structural accelerations are monitor-
ed for deviations from preset limits. Excessive scceleration sensor signals
cause disengagement of ize control system and jlluminate warning lamps.
Acceleration sensor locations and acceleration limits now being used are
listed in Table XIL.

The piiot's aileron trim panel contains switching for selection of
the vertical acceleretion limits. The incremental g levels available are
5y +T5, 1.0, and 1.25 for the pull up limits and .25, .5, and .75 for the
push over limits. The aileron trim panel is shown in Figure 73.

Servo ampiifier output voltages are compared witlL preset values and
cause control system disengagement and illumination of a warning light vhen
the output signals exceed the preset values.

The aileror and spoiler control surface positions are presented o
instruments in the test engineers station.
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rotary conduct ve plastic potentiometers attached to the control surface
hinge point near the actuator hinge point. The aileron position indjicators
at the Ytesl engineer's station are a pair of vertical scale instruments cal-
ibrated * 17 degrees. Tkey receive their signal inputs from rotary poten-
tiumevers at the aileron hing=. Conditioning is provided in the interface
electronics to allow adjustment of zero position, scale factor, and reduce
noise inputs to the indicators. Spoiler position indicetion is provided by
four vertical scale indicators. Calibration is O to 60 degrees. Signals
are provided from potentiometers at the spoiler hinge points and the signal
conditioning provided is jdentical to that for the aileron position indica-
tors. The indicator lamps are connected in a latching circuit and permit
manual testing and resetting of all indicator lamps by the test engineer.
The system warning lamp panel and control surface instruments are shown in
Pigwre T2.

Inflight data monitoring is accomplished by use of the direct writ-
ing oscillograph, the TR-48 analog computer digital voltmeter, a two channel
oscilloscope, and irdicators installed in the pilot's and test engineer's
stations.

] The oscillograph is a modified version of the standara iaboratory

instrument using paper that develops under ultraviolet light supplied by a
xenonu lamp. Six channels of the oscillograph are used and paper speeds of

located below the farward computer.

F 0.25, 1, k, 16, and 64 inches/second are available. The oscillograph is

The oscillograph switching panel is used in conjunction with the
"quick look” oscillograph to provide the test engineer with the capability
to monitor any set of data points in the system. Additional switching
allows any of those data points to be connected to the forward computer
digital voltmeter for critical level monitoring. The oscillograph switching
panel is shown in Figure 72.

Items monitored include: power supplies, servo amplifier outputs,
rate and acceleration sensor ocutputs, control surface positions, and auxi-
liary actuator positions, and various int :rmediate test points in the flight
control system signal paths.

The test engineer has the capability to disable any osciliograph
channel if recording of that channel is not desired or required.

Also included on the oscillograph switching panel are a master
power switch, an engage irhibit switch, and lamps to indicate system status,
i.e., ready, vngaged, disengaged. The function of the master power switch
is self-explaratory. The engage inhibit switch inhibits the operation of
the pilot's engage switches at the @iscretion of the test engineer. It
carnot, however, iisengege the control system once it has been engaged.

The dual channel oscillioscope may be used for monitoring of any of
the dsta pulnts available on the oscillograph. In addition, it 1s used to
check proper operation of the rate sensors motor speed. Selection of these
signals 1is obtained from switches on the system warning lamp panel and the
rate gyro motor test panel.
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TABLE XL

MONITOR SYSTEM ACCELEROMETERS

DESCRIPTION

INCREMENTAL ACCELERATION LIMIT

Left Wing Station 1359, Rear Spar, Vertical
Left Wing Stat.ion 1359, Chordwise

Body Station 172, Vertical

Body Statica 1655, Vertical

Body Station 1655, Lowey Longeron, Lateral
Fin Station 354, Auxiliary Spar Lateral

Left Hand Stabilizer Station 425 Vertical,
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Seven epecial indicators ure installed on the pilot's panel. These
are rudder pedal force, rudder position, sideslip indication, norwal acceler-
; ation, elevator position, column force, and aileron position. All indicators

!

except the aileron position indicator are meter movements and are supplied
signals from electrical instrumentutisn points. The aileron position indica-~
tor is a dual synchro unit having two scules, one for each aileron. Synchro

transmitivers at the aileron uinge points provide drive signals for the
f indicator.

WA s b (TR U

[ (3T SO AN

The test engineer is provided instruments for monitoring aileron

position, spoiler position, and 49 section interface electronics rack
temperature.

In order to monitor envirommen’al conditions surrounding the L9
section interface electronics rack, a thermictor and asscciated bridge cir-
cuitry has been installed in a 49 section modulc. A meter calibrated in
degrees Fahrenheit anG connected to the thermistor circuitry is installed at
the test engineer's station tc indicate the temperature at the thermistor
location. In addition, two thermal. switches are installec 1in the 4O section

and wvhen a preset temperature limit is exceeded indicators are illuminuted
in the test engineer's station.

5.2.7.3 Engage Control

Engagement of the control loop modes to the actuator control valves
is controlled by a switch ranel located between the evaluation pilot and the
monitor pilot on tle aisle stand as shown in Figure T3.

The control modes provided are pitch FBW, pitch SAS, roll FBW, roll
SAS, Yaw FBW, and Yaw SAS, may be selected independertly of each other with
the exception that roll FBW cannot be selected unless pitch FBW has slready

been selected. The engage switch it used to engage the comircl system after
the appropriate modes have been selected.

In order to reduce the possibility of large engage transients, an
interlock system inhibits the engagement of a new mode after the control
system has been engaged. A test switch, located on a separate panel, allows
the servo amplifiers to be turned on without turning on the actuator scle-

noids. This function can be used either for ground testing or for inflight
testing.

In order to provide the capability to preselect the modes which will
be allowed during a particular fiight condition, the ground end of each mode
select switch is connected to the interpatch panel. A jumper from the
appropriate point to ground must then be provided at the interpatch panel
before the mode can be engaged. These modes will be determined befcre flight
and jumpers installed accordingly. In the case of the pitch FBW mode, the

solenoid is automatically connected to ground if the roll FBW solenoid has
# been grounded.
]

There are eleven 28 volt D.C. output Jives from the engage conirol
panel terminating on the interpatch panel. The 28 VDC level is present when
the given mode switch is on and either th: engage switch or the test switch
is on. This output 1s el to cnable the optical relays in the servo
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amplifiers. Four more outputs provide 28 VDC at the interpatch panel 2 mode
has been selected and when the engage switch is on. Tais voltage io not
provided when the test switch is or.. The engage switch cannot be turned oan
vhen the test switch is on. Likewise, the test switch cannot be turned on
when the engage switch is on.

Befure the control system can be engaged, several peripheral condi~
tions must be met. The first of these is that 28 VDC and sysiem ground must
exist. If the failure monitor, the vertical acceleration monitor or the
structural mode monitor is tripped, a portion of the 28 volt power is re-
moved and t4e control system cammot be engaged or will be disengaged if the
condition occurs after engagement but is interlocked such that it cannot
cause system disengagement. The autopilot release switchzs in the control
wheels and the force link switch on the monitor pilot's control column are
connected to cause disengagement when they are operated. In addition to this

the solenoid valves and the servo amplifiers will be shut off if the inter-
patch panel is removed.

lanps are located on the engage control panel to indicate that the
system is engaged or ready to be engaged. The ready lamp functicns when ail
of the failure monitor conditions have been satisfied and the inhibit, test,
and engage switches are in the off position. Disengsge lamps are located on
the instrument panel in front of the evaluation pilot and the monitor pilot
so that recognitior *uat some failure has disengaged the control system will
occur immediately. The three status indicator lamps are duplicated at the
test engineer's station.

In addition to the engage and test panels, the aileron trim panel
is located in the pilot's aisle stand. The ailleron trim panel actually pro-
vides two functions: Control of aileron trim and control of vertical accel-
erstion disconnect levels. Aileron trim is implemented in steps of 1, 2,
and I degrees. A switch provides a 28 VDC signal to solenoid valves contain-
ed within the aileron actuators, which in turn provide the required trim.

A compact, transistorized function gererator is installed in the
test engineer's station for ground and inflight testing and is shown in
Figure T4 The function generator is capable of providing sipe, ramp, tri-
angular, and square wave outputs over a range of 0.005 cps to one megacycle
and is modified to allow selection of 1/2, 1, 2, 3, or 4 cycles of excita-
tion or free run operation. The test engineer selects the required mumber of
cycles of excitation to be applied to the control surface. The function
generator ocatput signals are conditioned by the analog computers and summed
with control signais in the valve drive amplifiers.

5.2.8 Analog Computers

The analog computers in the electrical/electronics systeu are two
model TR-48 general purpose units modifie¢ for the airborn environment and
are presented in Figure 75. The computers are mounted in a spece frame with
high frequency vibration isolator supporte and are equipped to provide the
variable linear, ponlinear and time based functions as required. The com-
puters condition the electrical signals from various feedback and control
sensors and the fly-by-wire transducers to produce signals for actuation of
the electrohydraulic servo control valves in the control surface actuators

174

SEBEEN Rivie 230

o Bt

L AR At Ut v RRARTIAL LGOI DALY <ta v paled L B

sy

10 U Rwenelbly D dhs st dbelih wid

L

TR e



e Ty P S Lo LR

GL MNOTA

NOILVITVLONI QUVMHOd HEALNIWOD DOTVNV @Qh=dI

17

wranoeery

PRty v P R - v - - ey Il (e A Y gl kb i e 4036 40 P 1) K
el




i

YR T WM WITF RIS v

LR et

Ry

G

.
[V PURUIGUUE P

e en e e e ne? TR

PR o

and also provide safety functions through signal monitoring and furrish
Te4meEand 21l atd Anmdonn) mermd o soecTee-dd e DA
oA VLU Dl AldEV LUMVA VL DYDVTW TVaLUALLUL Galde

The computer, as programmed, can be tested inflight prior to each
control system engagement end computer patch panels may be changed to ful-
£ill different flight control system requirements.

5.2.8.2 Commuter Power Source

The analog computers, normally a laboratory instirument, operate on
60 cps AC power while the aircraft power is 400 cps. The cost and difficulty
made modification of the computer for 40O cps power impractical. Therefore,
a peir of frequency converters are installed to change the 115 volt, 40O cps
power to 115 vult, 60 cps. The freguency converters also srpply power to
the "quick look" oscillograph. The converters are connected such that unit
2 operates the two computars while the unit 1 operates the oscillograph. In
the event of failure of the unit 2, thc computers are automatically switched
to the unit L and the oscillograph is disconnected.

5.2.9  Fly-By-Wire

In the normal configuration of a B-52 E, flight controls are cable
connected directly to tabs on the surfeces. With the instal.ation of hydrau-
lic actuator packages for swrface control, new methods of providing the
connection from the pilot to the control surface are feasible. In order to
provide stability sugmentation capability, provisions are made in the actua-
tors for electrical control of surface position. As a bonus, these electri-
cal input capebilities allow, with appropriate connections, pilot control
of surface through electrical or "fly-by-wire" means.

For the L&WMS B-52 E test vehicle, the pilot's column, wheel, and
rudder pedals are disconnected £rom the normal control cables and connected
to springs forr centering and force gradiemt control as yresented in Figures
76 through 78. Position potentiometer indicate electrically the position
of the controls. The pitch axis force feel system consists of a two-way
siring cartridge and an eddy current damper. The spring cartridge, via
spring selection, can provide three different force gradients. All gradients
radiate from a five pouni column breakout force t. a full travel colum
force of 120 pounds (high gradiert), 80 pound (intermediate gradient) or
45 pound (low gradient). The dumper insures that the maximum column dis-
placement rate is never greater than the maximum elevator servo rate
(80 degrees/sec), reflected back to the column. The demper has an adjust-
ment feature thet insures its compatability witl vhichever spring cartridge
configuration is selected.

The yaw axis force fecel system incorporates a set of leaf springs
and multi-attach point actuation levers. This combination can produce six
different force gradients and has the capability ¢f providing a pedal tresk-
out force anywhere between 5 to 25 pounds. Full travel pedal force can be
obtained between the range of 55 pounds (low <rsiient plus five pound break-
out) to 200 pounds (high gradient plus 25 pound breskout).
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The roll axies force feel is provided by a torsion bar spring. Four
different force gradients can be derived from this spring by selection of
various anchor points. Wheel breakout forces anywhere between three and
fifteen pounds can be obtained by adjustments at these anchor points. Full
travel Wheel forces can be adjusted bzuween 3 and 30 pounds by selection of
proper gradient and hreakout force.

In its wmost simple form, fly-by-wire could be accomplished by direct
connection from the control posit’od pctentiometers to the swrface actuator
electrical inputs. Through appropriate valve drive amplifiers. However, the
normal path is through the analog computer where frequency shaping and/or
gain scheduling can be applied to allow control design flexidbility.

5.2.10 load Instrumentation

The IAMS B-52 carrled instrumentation to record structural respon-
ses and gust data continuously during flight through turtulence. Spectral
analysis of the data provided a basic for comparison of the aircraft with
Ro SAS, Beseline SAS, and IAMS Flight Control System. The signels from
strain gages, accelerometers, potentiometers, the gust probe instrumentation
and a clock were recordable by pilot command; all data reduction was done by
ground equipment.

Hecorded load instrumentation provided the following data and are
shown in Figure 79.

% Gust components--longitudinal, lateral, and vertical velocities at the
probe-

® Accelerations--vertical and lateral at Body Stations 172, 860, and 1655.

® Control surface positions--left and right aileron, left and right
elevator, left and right outboard spoilers, rudder.

® Control surface actuator forces--left and right aileron, left and right
elevator, rudder.

® Wing bending moments~-vertical and chordwise moments at Wing Stations 222,
820, and 97k, both left and right.

® Fuselzge bending morents--vertical and side moments at Body Stations 1222
and 1412,

® Horizomtal tail bending moments--vertical moments at Buttock Line 56,
left and right.

® Vertical tail bending moment--side moment at Fin Station 135.
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5.3 . Honeywell Hardware Design K
; 5.3.1 LAMS FCS Computer

] The LAMS FCS computer is composed of two devices, the IAMS com-
i puter and the Flight Condition Gain Switch.

; The IAMS computer as pictured in Figure 80, is housed in an

’ aluninum frame structure with six external connectors; one providing input-
' output signal access, one for power input, ore for iuterconnecting the
computer and the Flight Condition Gain Switch, and three for supplying test
points to be used in conjunction wita the suitcase tester.

Input power required for operation of the LAMS computer is a single
phase, 40O Hz, 115 VAC RMS signal capeble of supplying 30 watts maximum. The
IAMS computer can operate within specifications over a temperature range
from O degrees F to 120 degrees F and can survive ir a non-operating temw-
perature range from -30 degrees F to 150 degrees F.

1 Within the LAMS computer are fourteen cont.rol signal gain adjust
H potentiometers and analog electronics mounted on ten Plug-in printed cir-
{ cuit boards. The analog electronics are composed of solid state, integrated
circuit operational amplifiers and ascociated circultry which is uscd to

rrovide analog blending (summation of signals in specific ratios), gain
scheduling, and signal conditioning necessary for proper operatiox’a of the
IAMS system.
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Input signals tn the TAMS ~ommuter are from two sources; the ten
rave sensors and the FBW cclumn, wheel and rudder pedal transducers. These
slgnals are scaled in the interface elactronics before being provided as
input signals to the LAMS computer. Once the TAMS computer has completed
blending, slaping and gain scheduling these input signals, the resulting
output analeg signals are used as command signals tc the servo amplifiers
which can diive rudder, elevator, symmetric speiler and combinations of
symetric or antisymmetric aileron actuators.

The gain and phase from signal input to signal output are nominal
15.0 percent for D.C. gain, nominal 110 percent for A.C. ggin, and nowminal

1T degrees per phase. .

The Flight Condition Gain Switch is a three-position, single-pole
rotarv switch which allows selection of three discrete sets of LAMS control
system gains in the IAMS computer that correspond to three specific flight
conditions.

Nondestructive functional and ervironmental tests were performed
on the IAMS computer space parts, and gain switch to assure flight warthi-
ness of the equipment.

5.3.2 IAMS FCS Suitcase Tester

The IAMS suitcase testcr presenmted in Figure 81, is a portable unit
used to test the LAMS system in the raboratory or while instal’ed in the
aircraft. ‘The tester is used to functional test the complete 1AMS system
or the individual printed circuit boards contained in the IAMS computer.

There are eighS comnectors on the front panel of the tester; six
for interconnection with the IAMS computer, one for thz primted circuit
board module check.ut, and one for providing 115 VAC 400 Hz single-phase
power and chassis ground tothe tester. Cable assemblies, associated with
these connectors are provided with the tester.

A tuilt in DC power supply and dotentiometer allow test signals of
O to 10V DC to be applied to the IAMS cowputer or one of the printed cir-
cuit modules. The resulting output signals ard intermediate points are
made availiable at test jacks on the front panel of the tes er and can be
read out on a DC vacuum tube volt mcter which i5 also mountei on the front
panel. Shorting switclies are used to bypass tne hi-pass filters and wasn-
outs during D.C. gain checks.
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6.0 ONCLUSIONS

The conclusions sre presented in two parts. The first referring to the
total LAMS program effort as documented in four volumes. The second part
is concluding the study azxd derign presented in the foregoing material.

6.1 Conclusions, LAMS Program

Contemporary analysis and synthesis techniques were successfully applied
in the Loads Alleviation and Mode Stabilization (LAMS) program to a B-52
test vehicle. Using these techniques, an operable flight coatrol syatem
(FcS) was defined and produced in hardware. The LAMS FCS successfully
controllied selected structural modes and alleviated gust loads due to
turbulence in flight demonstration.

Similar techniques were applied to a low altitude and high speed flight
condition for the C-SA airplane. Significant reductions in fatigue damage
rates and fuselage accelerations were predicted by the analysis.

6.2 Conclusions, LAMS B-52 System Anglysis, Synthesis, and Design
6.2.1 Criteria

The criteria established for flight controller definition provided adeguate
design and performance assessment and included elements common to analysis
and flight demonstration.

6.2.2 Math Models

The math models used for structural loali desigr: proved adequate for design
and synthesis of the gust alleviation and structural mode ccntrol system
developed for the LAMS B-52, subject to the following conditions:

To assess the system stability a number of modes higher in freguency
than those controlled were included in the model.

The most complete model available was required to determine stability
and system werformance. How:ver, smaller mcdels (using selected
structural modes) for design investigation and system synthesis
proved useful.

Separation of the mudels of the longitudinal axis from the lateral-
directional axes provided adequate design data for the LAMS FCS,

6.2.3 Techniques

Adequate techniques including simuletion, math modeling, synthesis methods,
etc. were available to design the LAMS FCS.

Initial LAMS B-52 studies indicated that airframe responses resmdting

from gust alleviation control precluded design of a controsl system
with load alleviation as its unique function.
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A close working relationship and good communication between four
major technologies; Aerodynamics, Structures, Controls, and
Mechanisms, was essential to accomplish design of the LAMS system.

Several powerful analysis programs were helpful in LAMS; however,
the experience and insight of the designers was the predominant
factor in form and adzaquacy of the system synthesized.

6.2.4 Hardware

A B-52 test vehicle modification was designed and implemented on NB-52F;
AFS56-632. Subsequent control analysis indicated that the test vehicle
would be an adequate test bed for demonstration of the LAMS FCS.

Present; state~of-the-art in electronic hardware is adequate for
implementation of LAMS type systems.

Adequate hydraulic actuation hardware was obtained for the LAMS
test vehicle. Design difficulty was incurred in achieving the
required dynamic response and as a result of high mechanical gain
requirements.

6.2.5 Performance

The LAMS ¥CS, one of a family of controllers waich could be defined, does
meet the design and performance criteria established.
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APPENDLX A - OPTIMAL CONTROL THEQRY

The optimsl coutrol law derivation and structural perforsance mea-
sure derivation are presented in this appendix.

Quadratic thearies, as applied in ILAMS, so.sed the following
problem: Let r(t) be a vectar of responses vhose magnitudes are to be con-
strained; let Q be a symmetric, positive indefinite matrix; and let J¥* be
the scalar perfarmence index

I = Bir(t)’ Qr(t)l = Z: QM ef Hi(t) rI(t)3

¥

vhere E is the expectation operator (over the sample space of disturbing
inputs), the prime (') superscript indicates a vector transpose, and the 1
and 1, J superscripts indicate vector and metrix components. The quadratic
control problem is to find the linear feedback comtroller which minimizes J¥*,

The goal of the IAMS B-52 study is to reduce fatigue damage rate and
Pllot acceleration through autow=tic control.

1. Analytical Measurc of Ride Qualities and Structural Integrity

Tvwo accepted analytical wmeasures of the structural integrity of an
aixframe member--an estimete of the likelihood of exceeding its static
ultimate strength and an estimate of its fatigue lifetiwe. Both assume that
the inputs disturbing the vehicle are Gaussian and that the stress responses
moduced are linear functionals of thoee inputs.

The fatigue estimate is based on the Miner linear-cumulative-damage
hypothesis (Reference 3). The expected lifetime, E {T7} , of the mewber can
be written anslytically in the form

1

S cyen)

vhere ¥s, O3 are standard deviations ¢f stress and stress rate produced by
gusts of one foot per second standard deviation (Reference 3). The term, f,
is monotone increasing in Og, Og for reasonable standard deviationms, but is a
wuch stronger function of Og than G:; i.e.,

of af.
3c, >>au;

Use of the fatigue estimete, E {Tr} , requires an sssumption that no stresses
larger than the static ultimate strength cccur. To account for this possi-
bility, it is assumed that disturbences of high intensity occur ‘n random

", 80 that the time before too lsrge a streas occurs can be considered
to be Fossion distributed; i.e.,
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Prob {stress always less than the uitimute strength in an interval
of T seconds)

= e-AT

where )\ is the exp=cted number of occasions of exceeding the ultimate
strength in a ome-second interval. Tbe "burst" assumption is intuitively

reasonable as the gust field consists of occasional turbulent patc..es in
long stretches of non-turbulent air.

Using the Rice level-crossing formula (Reference k), the expected
number of s2conds, E{Te}, before too large a stress occurs is

EfT.} = %
where A 15 a function of the RMS stress and stress rates, and
A = Ao ,0-)
s s

As with the fatigue formula f, A is monotome in Og, Og for reasonabie
stresses, and is dominated by og (Reference 3); i.e.,

_OA ).
30, dg

A structural member can then fail either from fatigue or by experiencing too
large a8 stress before its fatigue lifetime has run out. Assuming the event
with the shorter expected time is the more likely, the obvious performance
measure for a single structural member is the minimum of the pair

MIN [E{Tf}, Efr 3 ]
or, what is the same, the maximum of the pair
M[f(as, Gé)) (Os’ O’é)l

This applies only to a single airframe member. Since the shortest expected
lifetime over all menmbers defines the vehicle lifetime, the structural inte-
grity measure for the entire vehicle 1s
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The goal of control then is to reduce this measure. This produces
the formulation:

MIN MAX :
controller {all airframe (mx [f(os, oz)y AMog, cé)])
members )

Mean-square linear accelerations were used in the study as ride
quaiity weasures because, while taey are not quite as meaningful as criteria
which take human response to motion spectra into account, they are by far

the most convenlent criteris analytically. In the pitch and lateral axes
this produced the ride quality measures

Pitch E{ 2p2} = Mean-square vertical acceleration
experienced by pilot

lateral E{9P2}= Mean-square lateral acceleration
experienced by pilot

Bandlirg quality criteria are usually expressed in terms of ideal
stick responses, or equivalently, as idesl pole locations. A mathematical
property of optimal controllers permitted ignoring handling qualities early
in the design. The property is that the jquadratic-optimum controller and a
linear feedforward controller (from the disturbance input), and the feedback
controller is independent of the statistics of the disturbing input. This
independence, proved below, implied that one could first design a feedback
controller for structural integrity and ride qualities in gusts, and later
design an input filter (from stick commands) for good handling qualities.

Handling qualities therefare were not considered in the optimization form-
ulation.

The above mathematical property conforms both with comtrol design
practice and with textbook control theories. One normally designs the feed-
back loop first for bandwidth, smoothness of freguency response, pole loca-

tions, etc., and then adds input rates, lagged inputs, etc., to produce
desired command-responses.

It remained to combine ride qualities and structural integrity
measwres in s single, overall performance measure. Again, there was no
theory for doing this as the weasures, one employing expected lifetimes and
the other mean-square responses, are very different. Only one property of
the combined measure could definitely be specified. Since
£(%, o3), v (os, 93), E{'zpaz,ana E{§;°} are all monctone increasing in the

response covariances, decreasing any response covariance while holding the
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others constant will alvays improve performance. Thet is, let r{%) be the
vector of stresses, stress rates, and accelerations to ve controlled, r,(t)
to be one of the components of r(t), and

J(E{rl(t)a}, Bfrp(t), oo Efry(6)°} )

be the combined index. Then J must bhav: tu~ wroperty

BE{ri(t) } >0 for all &.

AR SN I R SRS el ) ASRENRTAI, IS A MW I

2. Derivation of Performance Measure

1k S

Since the relationship between the fatigue estimate and the RMS
stress and stress rates is complex, it is not desirable to use fatigue

damage as a performance measure. Consequently en equivalent performance
measure is needed.

Iet ry be the ith controlled response of a finite-order linear system; let .7
2
E{rlaz, coe E{rn | be any function of mean-square responses satisCying
—b—J——>Of0‘ri=1,.-.n.
3Efr, %}

Then, if there exists a linear controller minimizing J, that controller
minimizes as well the quadratic J* defined by

n
2
I = Z E
= % Btryd
wvhere Q1 are the partial derivatives

Q= I _
3E{r;2}

evaluatid)vith the E{rf} produced by the controller minimizing J (Ret-
erence .

This states that if a perforwance index is monotone increasing in
the response variances in the neighborhood of the optimum, then the control-

ler minimizing the index minimizes the quadratic J* as well. The combined
structural integrity-ride quslities criteriun possesses this property.
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In gdd3tion, the only resnponses which should be included in J¥* are those
appearing in J, namely stresses, str-ss rates %,, and ¥,. Flexure mode
amplitudes, mode rates, etc., should not be included. ghoosing the quadra-
tic weights would be answered by the last equation atove if the combined
performance measure J were specified. Since no basis for constructing a
meaningful combined measure J was available, it was necessery to attack the
choice of weights iteratively. The following procedure was used:

a. Estimate quadratic weights. Then compute the quadratic
optimm controller, the response variances produced by
the controller, gnd the functions £(95,%2), v(%s,%2),
E{zpa}, and E{'y"p { produced by those variances.

t. If either of the mean-square accelerations is too large
(to satisfy intuitive notions of what they should be), in-

crease the weight, Qi’ on thet acceleration and repeat
step 1.

c. Calculste the partial derivatives &L A, and
%: . Increase the weights, Q;, ca those stress and
8

stress rate responses with the largest partial derivatives,
and repeat step 1.

d. Terminaste this process vhen a controller is produced
that acceptably improves structural integrity and ride
qualities.

The quadratic weights chosen to start the iteration were the reciprocals of
the mean-square responses of the uncontrolled airplane:

1 ema—
Efr; (£)%}

Qi=

This pwoved tc be an excellent choice.
3. Derivation of Optimal Control Lew

The controller uminimizing the quadratic cost function J* can be
found by a conventional lagrange multiplier manipulastion, as follows.

a. Formulation - Let x;(t) be the state vector of the vehicle,
u(t) be tbe vector of inputs to the elevatar, rudder, and
other actuators, v(t) be the vectar of gust inputs, and
r(t) be the vector of responses whose magnitudes are to be
constrained. The vehicie perturbation equations can then
be written in the vector differential equation form
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;tl(t) = Pu xl(t) + F12 vit) + G.u u(t)

r(t) =H xl(t) + K, v(t) + D u(t)

Let gust vector, v(t), be generated by a finite-order linear
filter driven by white noise, 7(t). Let x,(t) be the state vec-
tor for this filter, so that

%,(t) = By x,(t) + Gy, (%)

v(t) = 33 x,(t)

where

Efn(t) o)} = N s(t-1)

where §(t) is the Dirac deita function and the mrime (') super-

seript indicates a vector or matrix transpomse.

Define the combined state vector

[xl(t) ]
x(t) =
x5(t)

satisfying
x(t) = Fx(¢) + Glu(t) + G,1(t)

~t) = Bx{t) + Dult)

where

PaF 1
F =

0 F,
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The simplest (and best performing) controller for a linear
system is a linear combination of states:

u(t) = K x(s)

Assuming this form, the control problem is to £ind the gains,
K, which minimize

J* = BEfr(t)' Q(t) r{t)}

vhere Q is the diagonel matrix

Covariance Equations - It is convenient to recast the above
problem in terms of covariance equations. Defining these,
let X and R denote the state and response covariance matrices
X(t) = Efx{t) =(t)'}

R(t) = Bi{r(t) r(£)"?

The tern, Efr,(t)°}, then the +™® aisgonal ters in R(t).
With the above comtroller,

x(t) = (F + 6;K) x(t) + G, 7(¢)

r(t) = {H + DK) x(t)
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so that
R(L) = E {r(t) r(%)'}
= (H + DK) B {x(¢) x(¢)'} (H + DK)*
= (E + IX) X(¢t) (B + DX)*

Solving for X(t), the solution for x(t) is
x(t) = e(F + Glx)t x(0) +It e(F + G K)(t-v) 62 n(,',) ar
o]

Then,

(F-K}ll()t (?«;lx)'t

x(t) x(t)' = e x(o) x(o0)* e

7 t
+ o FIG, K}t x(o) { [e(F*GK)(t“')GZn(x) ] ar
o]

"'It e[mcl(t)(t.?)] G,n(r)ar x(o) e(F46, Kt
(]

t ¢
$ J~° [ [E(F-IGlx)(t"r) Ga'ﬂ(‘r) ﬂ(}')' Geg

e(?«slx)(t-y)' ] ar dy
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and

EBlx(t) x(t)*} = x(t)

_ J(FeeyK) X(o) e(FiGIK)'t

+ (FI6 Kt {t Efx(o)n(r)'} 6, o(F#6, ) (&-r)" dr

t (F4G,K)(%-7)
+ e

o

GoE {n(1)x(0)'} ar e(F"G]_K)(t--r)'
t t

r
o %

with 1) vhite nolse,

E{x(o)ﬂ(ﬂl'} = ofart =20

Efn(r)nGz)'} = Ns(s-y)
so that

x(t) = e(F*GlK)t X(o) e(p‘mlx)‘t )

t o 1
i f [ POENET) G mi(raylsr PRI o0 o
c 0O

- e(F*GJ.K) [x + Ite°(F*Glx)"

= o sze' e

-(F-iGlK)?'dT] e(F-fGlK)t

Differentiating with respect to t, X{t) satisfies the ccvariance differential
equation

X(t) = (P46 KIX(6)4X(£)(P46,K)" 46,15,
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In tke stationary case, X(t) and R(t) are constants, so
X(t) = X

2=0= (F«;lx) X +X (F-nclx)' + Gama'
R(BHXK) X (H+DK)*

The trace, TR, of a square matrix is defined as the sm of its
diagonal components:

m[w] =Z wit

1
The trace operator has the permutation property
TR [ABc] = m[cpse} = m[zm]

The J#* term can be wrlttep

J%

Zi Q = {r (1)}2

= E{z(t)' Qt) r(t)]

= Z’:J Qij E{rj(t) r,(t)3

- m[@.ﬂ]
- m{e(m) x(m)']
= m[(mnc)“ Q(B—!—DK)XJ

The conmtrel jrcblem, thew, is to £ind the gains, K, which
minimize

J* = m[q(mm)x(m:)']
subject to the constraint equation

= = i s '
=9 (rwlx)x-rx(m;l&) + Gama

16%
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X constraint equation is through the use of Legrange multi-

pliers. Let S be a matrix of such multipliers, one for each
term in X. With

atd x 13 . x|
) [=i

one can then regard K, X, S as independent variables and mini-
mize the sum

J* = TR [(mx)'q(nmc)x] + m([ (rwlx)x+x(r+elx)+c2m2'])
The J* term is then minimized &t the values of K, X, S where

2% . 0 = (F4G_K) X4X (F4G_K)'4G NG *
3s ( 1) ( 1) 2 2

%’*_ = 0 = (F4GK)'S+45(F4¢K)+{H+DK) ' Q(H+DK)

gg_* =0=2D q(u+nx)x+acl'sx

Solving the last equatiom for K produces
Ka -(D'w)‘l(n'qmel's)
These three algebraic equations must then be solved for K, X, S.
Properties of the Optimal Solution - It is noted that the gains,
K, and lLegrange multipliers, S, are the solutions of
K = -('ap)"" (D'QBic, 's)
0= (r«sclx)'s‘us(?-eelx)ﬂm)'q(m)
80 that the gains and Legrange multipliers are independent of
the state covariance, X, of the noise input, N, and of the
noise input matrix, Gp. Substituting the last equation into
J* produces
* = TR[s6,M5,]

- TR{G,5G,'E]

so that the terws of ' are the partial derivatives of the
performance index, J%, with respect to the noise covariance, N.
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Further, breaking K and S into cumponents of dimension x; and
X5 (the dimensions of the vehicle state and wind-filter state l
re spectively) R

K= [KK] 5 |
s . S11. SlZ] %
Sz1 Szp | ;
There results ?
K = - (D'@)"L(p'q8, 46, 'S, ;) ;
K, =- (D'Q,D)'J-(D'Qﬁewu'sm)
3

and

0= (Fu«;llxl)'su+sn(Fu+GuKl)+(Hl+DK1)'Q(Hlmcl) :

- H A\t
0 = Fpp'S,,45,F, , +{H #D.K, ) 'Q(B,4DK; )

0= (Fu"cllxl)'Sla*su(FlaHquKa)*SleFea
+ (B 4K, )'Q(H,+DK,))

where the F, G, H definitions originally specified for vehicle
and wind filter have been used. Examination of these equaticns
revzals that feedback gains (K, from the vehicle states) are
independent of F__, ga; F.,, s0 that ihey are completely indepen-
dent of the wind]@il s. .hat is, they are completely indepen-
dent of all characteristics of the disturbance inputs, and will
be the same no matter what the inputs are. The feedforward
gains (Ko, from the wind-filter states) are, however, dependent
both on the form of wind filter and the vehicle dynamics (they
are t)itill independent of the amplitude of the winds, determined
by N).

This result will hold if pilot inputs are added to the sbove
Iroblem. Therefore, one can, in general, ignore the disturbance
inputs in comstructing feedback comtroller, K1, and afterwards
account for these inputs by properly choosing feedforward gains,
Kr. This Justified not including handling qualities in the
optimization, as stick commands are mathematically equivalent
to disturbing inputs.
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K = -(0'QD)"}(D'QmG, 'S)
O= (F*Glx)'x-»s(mclxh(m)'q(m)
for K, and to find X and R, given K, from

0= (lex)x&(ywlx)'mama'

R = (B+DK)X(B4DK)?

Three differer’ computer programs were written to solve these
equations. The Lirst two solved the differential equastion

§(t) = P46 E(t)'s(e)5(t)(F46 K(t) + [H-!DK(t)} 'Q HDK(t)
K(t) = (D'QD)']'[D'QK-iGl'S(t)}

until they converged, and then solved

2(t) = (P46, KIX(£)4X (£} (P46, K MG, HG, !

until it converged, using the converged gains, K. The first
program solved a discrete time (sampled data) version of the
above equations obtainéd by reformulating the above problem in
terms of difference equations. It was a relatively slow pro-
gram, but it was exact (within roundoff errors) and well suited
for debugging errors in modeling (in F, Gy, H, D). The solu-
ticn time is spproximately proportional to the cube of the
dimension of x.

The second program directly solved the above differeantial equa-
tions with a Runge-Xutta extrapolation routine (Reference 5).
It is almost exactly three times faster than the first program,
but the extrapolations are inexact and diverge if too large sn
extrapolation interval is chosen.

The third mrigram solved the algebraic equatioms by successive
srabstitution. The procedure is:
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Choose a value ior

Solve

0= (Pmlx)'sﬂrs(?:(;lx)-pmmq(m)
algebraically for S.

Solve

K= -(D'Q,I))']'(D'QmGl'S).

After convergence, solve
= t s
0 (F-ncllc)x*x(r-nclx) 6,15,

algebraically for X.

If a good firs: selection of K is made, this routine comverges
very rapidly. It is memory-limited, however, and a 32,000-bit
machine cannot handle much above a tenth-order system. The
convergence time is approximately proporticnal to the sixth
power of the system arder, so this program is useful only for
low-order systems. Also, this routine requires determinant
evaluations, and 1t is thus guite sensitive to roundoff errars.

Almost all IAMS calculations were done with the first program
sbove. It was an expansion of s program written for an earlier
atuRy; it was the first program written of the three; and its
authors were sure it was completely debugged.

L. Optimal Comtrol Iew

Table XLIV presents the flight condition 1 optimal control law de-~
fined from optimal control theory. The RMS stresses, stress rates, ani
pilot station accelerations for the defined optimal controller are given in
Table XIV.

Fumerous simplifications of the initial optimal comtrol laws resulted
in the IAMS Longitudinal FCS deseribed in Section 3.6.1. As the control laws
were nodft,:l;ed, the predicted structural performance was also altered, see
Seciiion &.4.
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TABIE XLI

OFTIMAL CONTROL IAW FOR FLIGHT CONDITION 1 LONGITUDINAL AXIS

State Variables

ue
-71.89
225.5
8.386
-87.75
Th.65
-0.3976
5.663
-171.3
7.51k
27.76
-k1.09
-64.97
-18.54
-25.77
-k.122
-6.496
-2.481

-1.172

~0.6505
-16.57

h.an
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Control. Geins

Ya
1810.0

1257.0
55.57
18k .0
123.6
3.117
~14 . 7h
-27.06
-83.50
12%0.0
1720.0
1508.0
56.63
29.70
35.02
k.62
5.420
-13.01

3.652
598.1
13.84

"

-101.0
~126.0
~-2.098
6.652
-3.931
-0.2881
-k .557
1.530
4.316
-63.58
-91.68
-91.88
-0.14068
-0.3526
-1.549
-L.043
-0.8133
~0.6726

-0.2619
-37.%
~2.552

[rom—
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TABLE XLI
(Cortinued)

OPTIMAL CONTROL IAW F(R FLIGHI CONDITION 1 LONGITUDINAL AXIS

Control Gains

State Variables u, u, ubs
x‘ie 5.448 -164.2 7.516
Y‘ia 1.405 -11.62 0.8063
g -182.7 1603.0 -88.02
66 1k .10 20.31 -3.477
X 16.72 23.69 -2.056

q6

Yé6 -0.3529 5.323 -0.3626
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TABIE XLII

OFTIMAL CONTROLLER PERFORMANCE LONGITUDINAL AXIS

Aircreft
Station
RMS stress
WE 516
ws 899
BS 805
BS 1028
SBL 32
FS 135

RMS stress rate
WS 516
ws 899
B 805
BS 1028
SBL 32
FS 135

Pllot's
Accelexration

204

Flight Condition I

Free Controlled
Aircraft Aircraft
229.4 65.91
137.k 53.11
1214 9.8
105.1 66.56

150.2 302,2

1110.0 516.0
T06.0 L06.0
524 .0 560.0
476.0 1085.0

1029.0 1930.0

0.0129 g 0.0053 g
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The predicted stability data for IAMS flight conditions 2 and 3 are
Presented in this appendiz. Bode plots show gain and phase for the entire

system frequency spectrum and tables indicate minimum gain or phase margins
: at discrete frequencies.
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TABLE XLIII

LONGITUDINAL AXIS - ELEVATOR LOQOP MARGINS

FLIGHT CONDITION 2

TR N

e 8 8 A ST 0

. s SR T

o A e =

CRITICAL GAIN MARGIN PHASE MARGIN GATN MARGIN
FREQUENCY AT NOMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASE (DB) GAIN (DEG) PHASE (DB)
2.3 oY
6.6 6.9
1.5 15.5
1.7 17.3
19.1 18.7
19.3 19.0
19.9 23.6
21.2 17.4
21.h 17.2
37.8 28.3
43.3 27.6
60.8 22.3
84.8 oL 7
112.2 28.2
113.8 29.0
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TABLE XLIV

LONGITUDINAL AXIS - AILERON LOOP MARGINS

FLIGHT CONDITION 2

CRITICAL GAIN MARGIN PHASE MARGIN* GAIN MARGIN
FREQUENCY AT NCMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASY, (DB) GATN (DEG) PHASE (DB)

11.6 17.0
1.5 7.3
18.5 10.0
21.1 10.9
21.8 12.8

32.0 38.1
36.2 28.6
ko.3 21.3
59.8 6.7
63.6 12.8

86.8 17.7
122.3 52.5
¥ System is Gain Stabilized
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FLIGHT CONDITION NO. 2
LONGITUDINAL AXIS

LAMS -FCS ALERON LOOP OPEN

OPEN LOOP FREQUENCY RESPONSE (PHASE)

w ~ (KAL/SEC)

FLIGHT CONDITION NO. 2

LONGITUDINAL 4XIS

N
N
H )
OPEN LOOP FREGUENCY RESPONSE (GAIN)
LAMS~FCS AILERON LOOP OPEN

o
-10
-20
-30
-40
-%0
-80
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LONGITUDINAL AXIS - SPCILER LOOP MARGINS

FLIGHT CCNDITION 2

CRITICAL GAIN MARGIN PHASE #ARGIN GAIN MARGIN
FREQUENCY AT NOMINAL AT NCMINAL AT WORST
(RAD/SEC) PHASE {DB) GAIN (DEG) PHASE (DB)
k.7 168
6.0 Unstable 4.1
6.8 123
11.h 13.0
13.8 7.1
17.1 7.4
i 21.k $.9
28.5 18.5
; 35.6 26.1
% 37.8 28.0
i 148.8 42.2
0.6 3.9
: 60.7 23.9
‘ 82.1 36.5
i 92.3 38.9
108.€ ko.o
123.0 ho.h
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o LAMS - FCS SPOILER LOOP OPEN

FLICHT CONDITION NO.2
e LONGITUDINAL AX(S

T
g i iy

SHHINATEA S A TS L AU SRS AN

..8_$.P. GAIN -20 \
1 9‘ {o8)

-40 ) - el

et Lt

-80
' ] ] Lo 20 30 100 2CC G2 1000
& ~ {RAD/SEC) -

+200 — - T

OPEN LOOP FREQUENCY RESPONSE (PHASE)

3 +100 LAMS ~ FC3 SPOILER LOOP OPEN

1 FLIGHT CONDITION NO.2
LONGITUDINAL AXIS

\ i

: Ssp  puase
X . -100
E ) g (oesneEn) \
\\
3 -200
\
-400
' 2 s 0 2 80 00 200 500 1000
o ~ {RAD/SEC)
FIGURE 84
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TABLE XLVI
LCNGITUDINAL AXIS - ELEVATOR LOOP MARGINS

FLIGHT CONDITION 3

CRITICAL GAIN MARGIN PHASE MARGIN GAIN MARGIN
FREQUENCY AT NOMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASE (DB) GAIN (DEG) PHASE (DB)
2.5 92 ;
7.4 6.2
11.9 1.6 |
14.7 15.7
16.0 19.5
19.3 20.3
20.5 33.2
23.h 20.3
2h.1 19.0
35.2 2.7
47.% 33.7
65.1 27.9
92.0 29.4
107.9 36.6
125.0 45.0
212 i
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i OPEN LOOP FREQUENCY RESPONSE (GAIN)
! LAMS ~FCS ELEVATOR LOOP s
i FLIGNT CONDITION NO. 3
LONGITUDINAL AXIS
/.‘
20 50 100 200 500 1000
w~ {RAD/SEC)
i
! OPEN LOOP FREQUENCY RESPONSE (PHASE)
: * LAMS-FCS ELEVATOR LOOP OPEN |
FLIGHT CONDITION NO.3
i LONGITUDINAL AXIS
1
‘ Y
20 50 w0e 26C 800 1000
« -~ {RAD/SEC)
FIGURE 85
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LONGITUDINAL AXIS - AILERON LOOP MARGINS

TAIEY KIVIL

FLIGHT CONDITION 3

I — e ——— -
S L2 e oyt 5. o S

CRITICAL GAIN MARGIN PHASE MARGIN* GAIN MARGIN
FREQUENCY AT NOMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASE (DB) GAIN (DEG) PHASE (DB)
11.8 17.7
14.8 7.2
19.0 18.1
23. 11.7
24.6 14.1
29.4 39.6
3.5 29.6
k.7 39.6
42,7 24.9
65. 9.1
67.1 10.3
89.6 23.6
105.8 27.1
* System is Gain Stabilized
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TABLE XLVIII

o Al bty s M o o e e -0 A T eetaint

LATERAL-DIRECTIUNAL AXIS -~ RUDDER LOOP MARGINS

FLIGHT CONDITION 2

BLRELAL AL UNAT e

CRTTICAL GAIN MARGIN PHASE MARGIN GAIN MARGIN
FREQUENCY AT NOMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASE (DB) GAIN (DEG) PHASE (DB)
1.5 86
11.9 19.9
1k,7 18
16.8 16.2
26.3 32.1
27.3 32.5
30.4 31.8
35.6 30.7
39.7 32.4
k1.6 30.2
58.4 2k.0
81.7 17.6
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; : TASLE XLIX
: LATERAL-DIRECTIONAL AXIS - AILERON LOOP MARGINS
{ FLIGHT COHDILION 2
; CRITICAL GAIN MARGIN PHASE MARGIN* GAIN MnRGIN
FREQUENCY AT NOMINAL AT NOMINAIL AT WORST
(RAD/SEC) PHASE (DB) GAIN (DEG) PHASE (DB)
8.0 26.5
i2.3 20.3
13.1 £21.7
18.3 24,5
26.5 17.3
é 25 06 1,4.5
; 3)}'0 25 ’8
1‘2‘8 2308
45.8 29.1
48.% 23,0
56‘7 1559
1
‘ 72.8 20.8
* System is Gain Stabilized
5
E
;
i
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TABLE L

LATERAL-DTFECTIONAI. AXIS - RUDDER LOOP MARGINS3

FLIGHT CONDITION 3

CRITICAL
FREQUENCY
(rAD/SEC)

GAIN MARGIN
AT NOMINAL
PEASE (DB)

PHASE MARGIN
AT NOMINAL
GAIN (DEG)

GAIN MARGIN
AT WORST
PHASE (DB)

1.6
8.8
12.8
15-6
16.G
i7.7
22,4
27.9
28.8
35.1
40,1
4i.1
42.0
53.5
66.5
81.3

197.6
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20.8

50.G

38.0

[V NP
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TABLE LI

\Wmmmm

FLIGHT CONDITION 3

LATERAL-DIRECTIONAL AX{S - AILERON LOOP MARGINS

; CRITICAL GAIN MARGIN PHASE MARGI* GAIN MARGIN
FREQUENCY AT HOMINAL AT NOMINAL AT WORST
(RAD/SEC) PHASE (DB) GAIN (DEG) PHASE (DB)
8.3 24,0
12.1 13.0
13.4 20.1
15.5 23.9
6.9 30.7
17.5 25.0
19.% 21.0
: 27.2 7.5
; 33.1 19.2
4i.0 24,2
k3.3 24.0
45.6 2.5
Z 51.8 20.9
53.4 22.0
72.0 20.1

-t

# System is Gain Stabilized

N s
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ASSTRACT

The Icad Alleviation and Mode Stabilization {IAMS) program was conducted to demon- i
strate the capabiiities of an advanced flight comtrol system to alleviate gust loeds ;
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control surfaces as force producers.

The analysis, design, and flight demonstration of the flight coutrol sysiem was
directed toward three discrete flight conditions coutained in a hypothetical mission
profile of a B-528 ailrcraft. The FCS was designed to alleviate structural loeds
vhile flying through random atmospheric turbulence.

The B-52 IAMS~-FCS was produced as hardware and installed om B~52, APS6-632. The
test vehicle modification included the addition of hydraulically powered coatrols,
a fly-by-vire (FEBW) pilot statiom, associsted electronics and analog computers at
the bombardier-navigator station, instrumentation for system evaluation, and the
IAMS 11ight controller.

A flight demonstration of the B-52 IAMS-FCS was conducted to provide a comparison
of experimental to analytical data. The results obteined during the IAMS progran
showed that the LAMS-FCS provided significant redu:tion in fatigue danr;g rates
similar o that predicted.

In eddition to tne above, a IAMS C-5A study was included in tke programe. This
portion cZ Za: progrexm vas to enmalyilcally demonstrzte that the tecinology dew_;e;,oped
for the B-52 would be apulied to ancther aircraft. The C-5A study .S co:zdnc"r';. 2oz
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